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CHAPTER I 

I NTRODUCTI ON 

The selection of a PV-T system appropriate for a particular applica

tion, and the design decisions necessary to make that system function in 

the most efficient way requires knowledge of a vast variety of technical 

and design issues. This volume was written to present most of the tech

nical issues which must be considered when selecting or designing a PV-T 

system. 

A general design methodology is provided in figure 1-1, which indi

cates the sequence of events in the design of a PV-T system. First, the 

des i gner must determi ne the characteri st i cs of the site and the load 

including weather data; local energy costs, land costs, and economic 

data; daily and seasonal load profil es and temperature requ i rements; and 

site constraints such as land availability, shadowing by adjacent struc

tures, and localized pollution. 

When the site/ app 1 i cat i on characteri st i cs have been determi ned, the 

designer can use generalized collector and system characteristics, annual 

solar availability for that site, and load characteristics to develop an 

initial conceptual design. A 1 though deta i 1 ed performance and economi c 

analysis would require an hour-by-hour simulation for an entire year, 

this generalized analysis is the first step in determining the feasi

bility of using a PV-T system for a particular site/applications pair. 

The techniques for performing this initial feasibility analysis and pre

liminary array sizing are described in the next section. 

If the initial feasibility analysis indicates further consideration 

of a PV-T system is warranted, a preliminary array layout can be 

developed based on electrical requirements and site configuration. 

Tradeoffs must now be made between the optimum array size and power 

output, site configuration, input voltage requirements of the inverter, 

and penalties associated with paralleling collectors at different 

temperatures. Design issues and guidance associated with the electrical 

system are discussed in Chapter III . 
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Issues associated with overall field layout and row spacing were 
discussed in Volume I, chapter I, along with the characteristics of 

various collector types. 
Since the array electrical output depends on the average array tem

perature, as well as the temperature difference between paralleled 

collectors, iterations are required between the thermal design and elec

trical design to develop an optimum field layout. A typical conceptual 

configuration is shown in figure 1-2. The major thermal design param

eters whi ch will affect the system output inc 1 ude the coo 1 ant flow rate 

through each row of collectors, row length, heat exchanger size, and 

cooling tower size. Preliminary sizing can be performed using techniques 

described in subsequent sections. 

Once a preliminary array size, field layout, and component sizing 

has been accomplished, a performance simulation and life cycle cost study 

is recommended using an hour-by-hour system simulation with a computer 

code such as SOLCEL-I I, modified to include the thermal system 

components. Such a simulation code can be used to vary major array 

parameters to size the system and components so that an optimum system is 

achieved in terms of minimum life cycle cost. 

Finally, a detailed design may be developed that would include 

sizing and selecting various electrical and mechanical components such as 

J-Boxes, switches, wire, pumps, insulation, etc. In addition, the struc

tural design, safety procedures, and installation procedures should be 
developed at this stage. 

Des i gn gu i dance for overa 11 system des i gn, as we 11 as component 

selection, is provided in the following sections. Other issues which the 

engineer must consider include those associated with component and system 

reliability and maintainability, and institutional issues peculiar to 
PV-T systems. 
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CHAPTER II 
SIZING AND LOAD MATCHING 

A. DESIGN ISSUES 

1. Objective 

This chapter introduces the issues associated with the design 

of PV-T systems. These i S5ues are presented ina manner intended to 

enhance and extend the designer's understanding of the PV-T design 

process and to provide an intuitive base for those issues unique to PV-T. 

Methods are also presented by which the design issues may be addressed 

and quantified. The next section reviews the major phases in the design 

process and their related design issues. 

2. Background - The Design Process 

To set the stage for the work presented below, let us consider 

the design process that this effort is meant to support. The design of a 

system normally evolves through four phases, with two additional phases 

if construction and startup are considered. During each phase a number 

of iterations and tradeoffs occur in the selection and sizing of 

-:omponents and subsystems to arrive at a suitable system configuration. 

Iterations may also be necessary between phases or combinations of ohases 

as the design progresses. The basic factors that effect these tradeoffs 

are discussed in the next paragraph. 

The characteristics of the load to be met have a great impact 

on the concepts to be considered. Load patterns are quite different for 

commercial applications, such as stores or light manufacturing plants, as 

compared to indust:rial applications, which can have wide variations in 

load characteristics. System ownership wi 11 affect system character

is,i~s such as simplicity, accessibility, maintenance, reliability, 

longevity, safety requirements, and the initial and operating costs. The 

value sOLiety places on "going solar" will have a tremendous impact on 

the economic aspects of the system, particularly in the commercial and 

incustrial sectors. 
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The utility interface has a very strong influence on the 

acceptabil ity Jf a PV-T concept. Th iss i ng 1 e i nterf ace is perhaps the 

most important and responsive impact that the system will have on 

society. 

In designing a system to utilize the PV-T design concept the 

aforementioned factors must be addressed as the design evolves. At each 

stage of the design process, the designer must make decisions regarding 

the design parameters involved in that stage, often with 1 ittle insight 

or guidance available regarding the effects of these decisions on later 

stages of the process. For reference purposes the bas i c phases of the 

engineering design process for a PV-T project are outlined in 

figure II-l. 

As can be seen from this outline the design participants need a 

variety of design aids, guides, and techniques which reflect their needs 

and responsibi 1 ities at each stage of the process. A brief 1 i sting of 

specific components of a design methodology for PV-T systems is given 

below. 

(1) Concept Development 

(a) Guidelines for selection of the most promising PV-T tech

nologies and configurations. 

(b) Rule of thumb (pencil and paper) design parameter estima

tions based on gross load/climate characteristics should 

be configuration-independent. 

(c) Guidelines for satisfaction - of utility and plant or 

building interface requirements. 

(d) Methodology to quickly assess the technical and economic 

promise of the application utilizing a given design 

concept. 

(e) Guidelines for assessing the effects of conservation 

actions on the feasibility of using a PV-T configuration. 

(2) Schematic Development 

(a) Simple (hand calculator) techniques for determining 

"reasonable" design values for configurations of interest. 
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Concept Development 
Applications requirements 
Client needs/desires 
Compilation of supporting information 
Site resources 

Solar 
Microclimate 

Local building practices/costs 
Zoning 
Identification of appropriate PV-T design configurations with 
consideration of conservation opportunities 
Utility interface requirements 
Selection of suitable concept(s) 
Preliminary design tradeoffs on technical and economic 
performance 

Schematic Development 
Quantify design requirements 

Structural limitations, site, microclimate, interfaces, 
local practice and building codes 

Identify design criteria 
Rel iabi 1 ity, cost, aesthetics, maintainabi 1 ity 

Identify configurations that qualitatively meet requirements 

and criteria 
Evaluate promising configurations 
qualitatively desirable design solution 

Design Development--Synthesis 

to identify most 

Iteratively develop design layout and specifications with 
client 
Design tradeoffs, optimization of final configuration, 

construction detail recommendations 
Contract Documents 

Working drawings, specifications, vendor lists for bidding, 
obtaining permits, financial negotiations, appraisals 
Performance prediction and evaluation 

Assemble operating and maintenance manuals 
----------------------------End of Design Effort-----------------------

Construction 
Modification for cost, ease of construction 
Client requests 

Post Construction 
Tuning, owner training, performance verification 

BDMIA-82-458-TR-Rl 

Figure 11-1. Design Phases for Application of PV-T 
Design Concepts 
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(b) Performance/cost estimation techniques for configuration 
and component selection. 

(c) Criteria for cross configuration comparisons. 
(3) Design Development 

(a) Simple to complex (depending on magnitude of project) 
techniques for determining optimal design parameter values 
for a configuration. 

(b) Final performance/cost estimation techniques. 
(c) Sensitivity of design to parameters accessible for post 

construction tuning. 
(4) Contract Documents 

(a) Methodology for developing lender/financial presentation -
must reflect magnitude of project construction. 

(b) Methodology for making detailed engineering calculations. 
(c) Techniques for onsite evaluation of modifications and 

changes during construction. 
(5) Post Construction 

(a) Performance monitoring and evaluation 
(b) Identification and evaluation of final tuning procedures 

for optimal performance of "as built" system. 
3. Description of PV-T Systems 

Prior to addressing the design issues the project must be 
focused by defining the system(s) being addressed. For our purposes a 
PV-T system is a solar system that seeks to provide both thermal and 
electrical energy to a load with utility sellback. It is assumed that 
the system consists of actively cooled concentrating photovoltaic 
collectors, indirectly coupled to the load via a heat exchanger. Because 
of the relative values of electricity and heat, the system will contain a 
coo 1 i ng tower or other heat reject i on devi ce if the thermal load is 
insufficient or non-existent during periods of possible operation. In 
some cases thermal storage on the load side may be required for proper 
operation. 
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Coupl ing the above description with the control system 

requirements for a particular collector technology and load results in a 

large number of possible configurations. Add to this the requirements 

and constraints of the load, climate, and site, and the magnitude of the 

des i gner I s task becomes impressive. The remainder of thi s chapter wi 11 

guide the designer to a successful result. 

4. Overview 

In this section we address the concept development phase of the 

design process for PV-T systems. The design issues pertinent to this 

phase are identified, followed by a discussion of how they may be quanti

fi ed and resolved at the appropri ate 1 eve 1 of detail. The chapter 

concludes with a discussion of the interaction of the Concept Development 

phase with the remaining design phases. 

B. CONCEPT DEVELOPMENT 

1. Introduction 

The design issues associated with the preliminary assessment of 

a PV-T application are identified in this section. Methods and guide-

lines for addressing these issues and arriving at an assessment of the 

feasibility of a given application are developed. The primary objectives 

of this phase in the design process are: 

(1) Assess technical and economic feasibility. 

(2) Identify most promising technologies and design configurations 
for a given application. 

(3) Establish preliminary design values for the major design param

eters. 

This phase culminates in a decision, with supporting data, to continue or 

terminate the design exercise for a candidate application. 

2. Design Issues for Concept Development Phase 

The issues of concern to the PV-T system designer at this phase 
in the design are: 

(1) Assess the site's solar potential. 
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(2) Evaluate feasibility of application with respect to thermal and 

electrical load characteristics. 
(3) Identify required/desirable PV-T system attributes and relate 

them to technologies and configurations. 

(4) Establish preliminary sizing requirements. 

(5) Assess requirements for economic feasibility and relate them to 

design requirements. 
(6) Present client with sufficient information to support a 

decision on the continuation of project. 

To address these issues in a cost competitive manner, the 

designer must have access to an efficient design methodology. The meth

odology must be general enough to address all regions of the country and 

a wide range of application characteristics. At the same time it must be 

easy to use and sufficiently accurate to ensure confidence in its 

results. In the following sections each of the design issues is 

discussed and an appropr i ate method for address i ng it is deve loped and 

explained. 

a. Solar Potential 

In prior sections we have addressed the issues and 

concerns used to identify a favorable site application pair. In this 

section we address the evaluation of the gross annual thermal and elec

trical energy produced by the various collector technologies. 

Based on the corre 1 at ions deri ved in references I I -1 and 

11-2, and reproduced in equation II-1 for a two-axis tracking collector, 

the average annual available energy from a collector may be determined 

for the average insolation at a site and the threshold insolation given 

by equation 11-2. 

-0.041 + 15.5581 - 0.311 12 

+ (-2.264 - 30.876 + 20.7389 12) X 

+ (3.987 + 7.711 I - 14.538 12) X2 

II-6 

(Eq. II-1) 
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x (Eq. II-2) 

At insolation levels below the threshold the collector loses more energy 

than it gains. The collector characteristics, UL and 11
0

, have been 

defined in Volume I. Tf is the average coolant temperature, Ta is the 

annual average daytime temperature, and I is the average direct normal 

insolation in kW/m2. The average annual direct normal insolation for the 

United States is shown in figure II-2, and the annual average tempera

tures for solmet sites are given in table 11-1. 

As shown in Volume I, 1 ine focus Fresnel (LFF) and 1 inear 

parabolic trough (LPT) collectors have the highest annual efficiencies 

and largest output for the land area used. The maximum available energy 

from these systems (for X = 0) is shown in figure 11-3. For convenience, 

major cities are shown corresponding to their annual average direct 

normal radiation. Figures II-4 through 11-7 show the average electrical 

and thermal energies from LPT and LFF collectors. These curves were cal

culated using the collector characteristics defined in Volume I. Since 

LFF systems have the greatest avail ab 1 e energy, subsequent ana lyses will 

be performed only for this type of collector. 

In order to use these curves to determine solar avail

abil ity, the average co 11 ector temperature must be determi ned. Th is can 

be found using figure II-S. This nomograph was developed using equations 

11-3 through 11-6. 

(T - T .) a ,0 a, 1 
(Eq. 11-3) 

1 -2 (T + T .) a,o a,l 
(Eq. 11-4) 
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• I 

TABLE II-I. ANNUAL AVERAGE DAYTIME AMBIENT TEMPERATURES 
FOR SOLMET SITES (DC) 

APPROXIMATE 
SOLMET LATITUDE ELEVATION 
SITE (DEG) (M) YEARLY 

FT. INORTH, TX 32.0 204. 20.9 

• LAKE CHARLES, LA 30.2 O. 22.1 

COLUMBIA, MO 39.0 231. 15.5 

APALACHICOLA, FL 29.7 O. 22.1 

MIAMI, FL 25.8 O. 25.5 

BROWNSVILLE, TX 25.9 10. 24.7 

CHARLESTON, SC 32.9 O. 20.5 

NASHVILLE, TN 36.1 100. 17.6 

OODGE CITY, KS 37.8 701. 15.6 

CARIBOU, ME 46.9 135. 6.9 

• MADISON, WI 43.1 263. 11.0 

EL PASO, TX 31.0 1209. 20.9 

ALBUQUERQUE, NM 35.1 1511. 16.2 
ELY, NV 39.3 1959. 10.8 

PHOENIX, AZ 33.4 332. 25.0 
SANTA MARIA, CA 34.9 66. 15.7 

BISMARCK, ND 46.8 512. 9.2 
GREAT FALLS, MO 47.5 1016. 10.0 

MEDFORD, OR 42.4 424. 14.5 

• SEATTLE, WA 47.5 30. 12.0 
FRESNO, CA 36.0 90. 20.0 
CAPE HATTARAS, NC 35.3 O. 10.5 
WASHINGTON, DC 39.0 15. 15.4 
BOSTON, MA 42.4 O. 12.6 
NEW YORK, NY 40.8 O. 13.0 
OMAHA, NE 41.4 317. 13.0 

• 
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figure 11-8. Nomograph for Calculating Annual Average 
Array Coolant Temperature 
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FR = 

A/Ma 

where 

MaCp 
1 UA 

a 

AcNc N 
=--= 

MrN 

. 

- exp (UAlm) 

, M/p 

(Eq. 1I-5) 

Ac (Eq. 1I-6) 

M/Nc 

heat removal factor based on the average fluid 

temperature and defined in Volume I. 

heat removal factor based on the array inlet tempera

ture 

array area (m2) 

collector area (11.2 m2 for LFF) 

total array flow rate 

flow rate through a row 

number of collectors per row 

number of rows 

qu useful thermal energy produced by the array. 

This nomograph may be used as follows: 

(1) Assume an array inlet temperature. This may be the load return 

temperature or, if a heat exchanger is used in the system, it 

should be at least 50 C to lOoC above the load return tempera

ture . 
(2) Determine the average daytime temperature from table II-I and 

calculate T . -T • 
a,l a 2 

(3) For an assumed maximum insolation of 1 kW/m, determine the 

normalized flow rate (Mr/N c) which will give the maximum 

allowable temperature rise across the collector. The maximum 

outlet temperature must be less than 100°C. 
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(4) The annual average coo 1 ant temperature may now be determi ned 

for the average annual insolation (I) which is obtained from 

figure 11-1 for the site in question. For I, inlet to ambient 

temperature difference, and Mr/Nc determined in step 3, the 

average fluid temperature can be found for the assumed inlet 

temperature. 

In step 3, the normalized flow rate cannot be taken 

arbitrarily. The flow rate must be great enough to provide good heat 

transfer in the coo 1 ant channe l. However, the fl ow rate and row 1 ength 

combination is limited by restrictions on the maximum allowable pressure 

whi ch the co 11 ector system can wi thstand. These restri ct ions are gener

ally due to limitations of fittings and flex hoses. Data generated by E

Systems for their LFF array indicated a maximum allowable pressure of 

6.9 x 105 Pa (100 psi). A lower bound of 5.68 x 104 w/m20 K (10,000 

BTU/hr ft 2oF) on the convective heat transfer coefficient gives a range 

of allowable flow rates (in m3/sec) defined in equation 11-7. Optimum 

flow rates vs. row length have been calculated and are presented in 

chapter IV. 

1.23 x 10- 4 < M 
r 

1.84 x 10-3 
< 

Nc 0.56 
(Eq. II-7) 

Upon determining the average fluid temperatures, the 

annual average thermal and electrical energy can be obtained from 

figures 11-4 and 11-5 for the site being analyzed. The correlations for 

annual availabilities assume a continuous 365 day operation; therefore, 

to determi ne the energy avail ab 1 e to the load, the values obta i ned from 

the curves must be multiplied by the fraction of the days that the load 

operates. That is, if the load is a 5 day a week operation, the avail

ability values must be multiplied by 260/365. 

b. Array Area Determination 

When the available energy to the load has been determined, 

the load must be specified in order to calculate the area required to 
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meet the load. Since the availability correlations assume a continuous 

operation, the load must be assumed to operate continuously during the 

daylight hours, or from 6 a.m. to 6 p.m. Hour-by-hour simulations, 

reported in Volume I, indicate that if an application is not feasible 

without therma 1 storage, it wi 11 not be feas i b 1 e with thermal storage. 

Therefore, for this preliminary analysis, we will assume that the array 

is to be sized to meet only the daytime load. 

The annual thermal and electric loads can be calculated 

using equation 11-8, where 0 is the number of days per year that the load 

operates, L' is the averaged daytime load in kilowatts, and L is the 

annual thermal or electric load in kilowatt-hours. 

L = 12 L' 0 (Eq. II-8) 

By dividing the annual available energy by the annual 

load, the array area can be found for a desired fraction of the daytime 

load to be supplied, from figure II-9. If a specified fraction of the 

thermal load is to be supplied, then an array area which will satisfy 

this demand can be found. The fraction of the electrical load which is 

supplied for this area can also be found from figure 11-9. 

For comparison purposes, a nomograph to determine the 

array area required to meet an instantaneous load was developed and is 

shown in figure 11-10. Thus, for an average fluid temperature of 500 C, 

an array of 4000 m2 will satisfy a 2000 kW thermal load when the instan

taneous i nso 1 at i on is at its peak of 1 kW/m2. The same array will 

satisfy an electric load of about 500 kW. 

Once the array area has been determined, a rough estimate 

of the economic feasibility may be found from figure 11-11. This figure 

was developed using equations II-9 through 11-12. The 1 ifetime cost 

savings (LCS) is defined as the value of the energy supplied to the load 

minus the cost of the solar system. 

defined in reference 11-3. 
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LCS =[Le K P PVF (d 
L L e ' q q 

(1-t) 

Aa Ca [ i - --c;- 1 -~ - t (PVO) + (1 - t) "om PVF (d, g, Nl] 
(Eq. 11-9) 

K = f for f < 1 e e -

K = 1 + (fe -1) ns for fe > 1 

2 [NO - PVF (d, 0, NO)] 
NO (NO + 1) d 

PVO = 

PVF (A, B, C) " A : B [1 - (t : ~) C ] 

(for SOYO 
depreciation) 

where Le' Lq annual electric and thermal loads 

(Eq. II-10) 

(Eq. 11-11) 

(Eq. 11-12) 

fe' f fraction of electric and thermal loads supplied 
q 2 

A = array area (m ) 
a 2 

Ca = Solar System Cost ($/m ) 
The parameters in the present value function (Eq. 11-12) are defined as 

A = discount rate 
B = escalation rate 
C = number of years 

Average economic parameters used in equation 11-9 are defined as 
follows: 

Pe price of electricity (0.05 $/kWh) 
Pq = price of natural gas (0.015 $/kWh) 
ee escalation rate of electricity (0.1) 
eq = escalation rate of natural gas (0.12) 

N system lifetime (20 years) 
NO = depreciation period (1 years) 

electricity sellback ratio (0.15) n = s 
nom = operation and maintenance factor (0.015) 
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t = tax rate (0.5) 

income tax credit (0.25) 

d = discount rate (0.2) 

g inflation rate (0.08) 
For an e 1 ectri c to thermal load rat i 0, and the fract ions 

of thermal and electric energy supplied, the lifetime cost savings can be 

determined as a function of array area and cost. The LCS and total array 
cost are normalized to the annual thermal load. The loads, area, and 

load fractions were determined previously so that the tot a 1 array cost 

will determine economic feasibility. 

It should be noted that the use of these graphs for deter

mining array size and feasibility involves gross simplifications and 

assumptions. Comparing this simplified analysis with the hour-by-hour 
simulations described in Volume I indicates that this "first-cut" 

approach is quite conservative. That is, site/application pairs found 

feasible using a detai led simulation gave a sl ightly negative LCS. For 

this r~ason an error band was placed on the LCS values in figure 11-11. 

Using this simplified technique, one can quickly determine 

whether an application may be feasible and warrant a more detailed design 

and economic analysis. An approximation of the area required to supply a 
given load fraction can be determined and compared to the land area 

available at the site. 

c. Component Sizing 

Once the array size has been determined, a prel iminary 

heat exchanger and cool ing tower size may be determined. Most PV-T 
systems require a heat exchanger to separate the array cooling fluid from 

the process fluid. In addition, a cooling tower is required to maintain 

the array at a sufficiently low temperature when the thermal load is 

inadequate to cool the array cooling fluid. 

A pre 1 imi nary heat exchanger size may be determi ned from 

figure II -12. The heat exchanger size determi ned from th is figure is 

that size required to maintain an array outlet temperature at 1000C at a 

peak insolation of 1 kw/m2 for a given array inlet temperature, load 
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return temperature (T .), and capaci ty flow rate ratio (WL/W ). These 
C,l a 

curves were developed using equation 11-3 and the equations in the heat 

exchanger section of chapter IV. Figure 11-12 should be entered with the 

array inlet temperature (T .) and the load return temperature (T .). 
a,l C,l 

For the normalized row flow rate (Mr/Nc) determined previously, the heat 

exchanger factor (F x) may be determined. This factor defines the degree 
to which the thermal output of the combination of array plus heat 

exchanger is degraded wi th respect to the thermal output of the array 

alone. 
To determine the heat exchanger size, the capacity rate 

ratios must be calculated as indicated in figure II-12. At the left 

section of the figure one finds the line corresponding to the calculated 

capacity rate ratio (WL/Wa). If this ratio is greater than one, the line 

WL/W a = 1 shou 1 d be used. Proceed i ng down from th is intercept to the 

calculated ratio, R, the heat exchanger effectiveness (E) can be read off 

the graph. By continuing to the right, the required number of transfer 

units (NTU) can be determined. 
At this stage a judgment must be made concerning the 

overall heat transfer coefficient (Uo) for the heat exchanger. As 

indicated in chapter IV, a plate heat exchanger appears appropriate for a 

PV-T system. Such heat exchangers have heat transfer coefficients 

ranging from 2270 (400) to 5674 w/m20K (1,000 BTU/hr ft 2oF). For a pre

liminary estimate a typical value of 4540 W/m20K (800 BTU/hr ft 20F) may 

be chosen. 

The annual parasitic power consumption of the cooling 

tower may be estimated from figure II-l3. This figure was developed 

using Baltimore aircoil industrial fluid cooler data (ref. 11-4). Since, 

in most instances, excess electrical power may be sold back to the 

utility, the PV-T system will be operating even when there is no thermal 

load. If excess thermal energy is produced while the thermal load is 

operational, then the amount of energy which must be dissipated may be 

calculated from equation II-l3. For a five day per week load for which 

f < 1, the energy which must be dissipated is given by equation 11-14. q -
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105 
365 

(Eq. II-l3) 

(Eq. 11-14) 

This is the thermal energy collected on weekends where Qth is the annual 

available thermal energy from figure 11-6. The time during which the 

cooling tower operates depends on the heat dissipation rate, q, and is 

given in equation 11-15. 

. (Eq. 11-15) 
q 

d. Solcel Developed Design Charts 

Add it i ona 1 performance graphs have been deve loped for an 

LFF system to further quantify the ability of a PV-T system to displace a 

thermal and electric load. These graphs have been developed independent 

of a particular load profile since a multitude of design charts could be 

developed for a large variety of load requirements and still not serve 

the needs of all system designers. The analysis of tile site/application 

pairs revealed that the economic feasibil ity is dependent on the site, 

the load profile, and the quality of energy required (i.e., required 

temperature), the load return temperature, and the economic factors. The 

quantity of parameters involved was prohibitive to effective development 

of a set of des i gn curves app 1 i cab 1 e to a 1 arge number of app 1 i cat ions. 

Therefore, design curves have been developed which define the daily 

average energy (electrical and thermal) available from an LFF collector 

system as a function of area, site, and inlet temperature. 

The design curves which define the average daily thermal 

and electrical output of an LFF array are shown in figures II-14 and 

11-15, respectively. Several calculations have indicated that the 
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Average Daily PV-T Array Electrical Output for an Inlet 
Temperature of 34°C (930F) 
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average daily output is primarily a fUnction of the average daily 
insolation available at the site (kWh/m2 day). Thus, the curves have 
been deve loped for vari ous average daily i nso 1 at i on factors wh i ch are 
characteri st i c of severa 1 sites, as shown in tab 1 e I I -2. These i nso 1 a
tion values are the hourly insolation levels greater than 50 w/m2, summed 
up and averaged over 365 days of the year. Due to the accuracy of the 
tracking system, the collectors can only operate at insolatin levels 
greater than 50 W/rn2• The annual average number of hours per day of 
operation is also shown in table II-2 for the sites considered. The 
thermal output is independent of array inlet temperature, and the 
electrical output is only slightly dependent on inlet temperature as 
shown in figure II-16. The average array outlet temperature versus inlet 
temperature and location is shown in figure 11-17. 

TABLE II-2. AVERAGE DAILY INSOLATIN AND HOURS OF OPERATION 

SITE 

El Paso, Texas 
Albuquerque, New Mexico 
Fresno, California 
Phoenix, Arizona 
Dodge City, Kansas 
Ft. Worth, Texas 
Boston, Massachusetts 
Charleston, South Carolina 
Seattle, Washington 

I NSOLA TI ON* 

(kW-hr/m2 DAY) 

7.39 
6.48 

6.44 

6.30 
5.97 
4.55 

3.94 
2.55 
2.38 

*For insolation levels greater than 50W/m2 

AVERAGE HOURS OF* 
OPERATION/DAY 

10.68 

10.58 

10.15 
10 .19 
9.47 
8.30 
8.26 

5.88 

5.41 

The Dixon meat-packing plant serves as an example of how 
these graphs may be used. For this application, the inlet to the heat 
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exchanger is well water at lS.30e (650F) and the load requirement is 600 e 
(1400F) wash water. Based on information provided by the plant engineer, 

the average wash water requirement is about 0.0124 m3/sec (197 gpm) 

during the day and 0.00S4 m3/sec (133 gpm) in the early morning. This 

gives a daytime thermal requirement of 2.17 MW (7.4 x 106 Btu/hr) and 

1.24 MW (4.24 x 106 Btu/hr) at night. Assuming an average of 59 percent 

of the daily load is to be displaced by the PV-T system, then the average 

daily requirement of 60°C (140oF) water is: 

0.59 [(2.17 MW) (18 hrs) + (1.24 MW) (6 hrS)] 27.4 MW hrs/day 

For the Dixon site the average daily insolation is about 

6.44 kWh/m2 day. Using figure II-14, the array size necessary to meet 

the daytime load is about 8300 m2• Detailed calculations for the Dixon 

plant, described in volume III, indicate a coolant flow rate per row of 

3.2 x 10-4 m3/sec (5 gpm) and a row length of 10 arrays/row is about 

optimum. Assuming these values, the flow rate on the array side is 

approximately: 

-4 3 3.2 x 10 m /sec/row 
10 arrays/row 

1 array 8300m 2 
11. 2 m2 

3 0.0234 m /sec (370 gpm) 

Again, detailed calculations indicate an optimum heat exchanger NTU is 

between 5 and 6. Assuming an NTU of 6, the heat exchanger effectiveness 

is: 

R = 

£. = 

W . mIn 
Wmax 

1 _ e- NTU (1 - R) 

1 _ R e-NTU (1 - R) 
0.9588 

min (197) (1) 
0.6184 (0.82) 

= 
(370) (1.05) 

max 
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For a 10.15-hour operating day, the average insolation is 
634 W/m2. Using equation IV-51, the array outlet temperature can be cal
culated as indicated in figure II-lB. Assume a variable volume storage 
tank in seri es with the array heat exchanger and the load, as shown in 
figure II-19. 

Performing an energy balance at point A: 

ml (69.40 C) + m2(18.30 C) = (0.0124 m3/sec) (60oC) 

• 3 ml= 0.0101 m /sec (162.4 gpm) 

m2= 0.0023 m3/sec (34.6 gpm) 

The available storage is then: 

Os = (0.0124 m3/sec - 0.0101 m3/sec) (993 kg/m3)(4.l66 KJ/Kg °C)(69.4 - lB.3) 

Os = 486 kW 

Since this is collected over a 10.15-hour period, a total of 4.93 MW hrs 
are supp 1 i ed to storage, on the average. Thi s wi 11 supply the therma 1 

load for about 2.27 hours after the array has been stowed. 
The array electrical output is found from figure II-16b for an 

array inlet temperature of 400 C to be 6.1 MWh/day. Assuming an 
89 percent DC to AC conversion efficiency, this gives 5.43 MWh/day 
available to the load on the average (or an average daily power output of 
535 kW). Over 365 days, this means that 1.98 X 106 kW hours are 
ava il ab 1 e. Th is can be compared to 2. DB X 106 kW hot,Jrs of AC power 
produced by the Dixon meat-packing PV-T array as calculated with 
SOLCEL-II and discussed in volum~ III. 
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Figure 11-19. Typical Thermal Storage Configuration for the Dixon Plant 

e. Subsequent Design Efforts 

After determination that an economically feasible array 

can be constructed in the available land area, a more detai led analysis 

should be performed to ensure economic feasibility. Such as analysis may 

be performed using an hour-by-hour simulation code, such as SOLCEL-II, 

but using a generic field layout. This initial simulation may be 

performed using prel iminary cool ing tower and heat exchanger sizes, and 

an inverter size determined for the instantaneous peak electrical output 

from figure 11-10. 

If this analysis indicates that the PV-T installation is 

economical, then additional simulations should be performed with various 

sizes of thermal storage in order to determi ne the opt imum array and 

storage size. Once th i s has been determi ned, then detailed systems 

design may proceed using the techniques discussed in subsequent chapters. 
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CHAPTER III 

ELECTRICAL SYSTEM DESIGN 

The following sections describe the various issues which must be 

considered when designing the electrical portion of a PV-T system . These 

issues will be discussed, criteria used to resolve those issues will be 

presented, and finally, guidance will be provided for overall system 

design and component selection. 

The designer of the electrical system must consider the field layout 

to provide the required power and voltage, the interface between the PV 

array and the ut il ity, protect i on from 1 i ghtni ng and other trans i ents, 

safety, and component design and selection. One of the most important 

and costly components is the inverter, which processes the power from the 

array into a usable form for either the uti 1 ity or the local load. The 

issues associated with sizing and selection of an inverter will be 

discussed next. 

A. IDENTIFICATION OF TECHNICAL ISSUES 

1. Inverters 

Inverters, a 1 so referred to as power convers i on systems, are 

used to convert the array DC to uti 1 ity-compatible AC power in a PV- T 

system. There are severa 1 specifi cat ions associ ated wi th the se 1 ect i on 

of the opt imum inverter for any given system des i gn. As i de from these 

electrical specifications, there are many other considerations affecting 

inverter selection, such as size, weight, safety features, etc. The 

purpose of this section is to identify the issues associated with speci

fying an inverter for use in a PV-T system. 

a. Sizing 

The electrical sizing requirements must be addressed 

first, since all of the other specifications cannot be fully explored 

until the kW size of the basic inverter is known. To correctly size the 

inverter, two parameters of the system must be known: photovoltaic array 
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output voltage and current, and utility or alternate load voltage 

requirements. 

The inverter output vo ltage is usually determi ned by the 

load requirements (for example, the utility voltage in a utility

interactive system). The output current (or power) may be determined 

from the load requirements if the array can be sized to satisfy the full 

load, or from the array power if the system size limitations prevent 

satisfying the full load. 

The inverter input voltage range must be matched to the 

array vo ltage range under expected temperature vari at ions. The inverter 

manufacturer usually specifi es a nomi na 1 operat i ng vo ltage range wh i ch 

can be shifted up or down slightly to assist in matching the array and 

inverter voltage ranges. 

1) Photovoltaic Output 

Both the array output voltage and output current must 

be calculated. This entails adding up the voltages and currents from 

each photovoltaic cell. In a series wired configuration, the voltages 

add, and the current is the same as for one ce 11. In a para 11 e 1 wi red 

configuration, the currents add, and the voltage is the same as one cell. 

Normally, one would use the PV cell manufacturer's voltage and current 

values at rated conditions (28oC and IOOOW/m2 insolation). For inverter 

specification, however, the normal operating conditions must be known, 

and their maximum values must be calculated. This is accomplished by 

adjusting the rated condition voltage (V28 ) by a temperature coefficient 

factor (!J.V/!J.T) times the number of cells connected in series (N S) times 

the difference in temperature between the rated condition and the 

expected worst case deviation in temperature for the application locale. 

(Eq. III-I) 
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For example, if the PV array nominal output voltage at rated conditions 

is 200 VDC and cons i sts of 10 modu 1 es, each conta i ni ng 40 ce 11 sin 

series, one would calculate the worst case operating voltages as follows: 

For an assumed low temperature of DoC and a cell 

temperature coefficient of -2mV/oC, 

VOo C = (200VDC) + 400(-.002)(-280 C) 

= (200VDC) + 22.4VDC 

= 222.4VDC 

and assuming a high temperature of 70°C, 

V700 C (200VDC) + 400(-.002)(42) 

= 166.4VDC 

Therefore, the des i rab 1 e input operat i ng range of the inverter wou 1 d 

encompass the 165 - 225VDC range. Additionally, a worst case (highest 

voltage) calculation must be done for the open circuit standoff voltage 

of the inverter input. This entails increasing the open circuit voltage 

(Voc ) obtained at rated conditions from the cell manufacturer for the 

same low temperature according to the above equation. A similar calcula

tion must be done for the output current of the array in order to specify 

the input power of the inverter. The temperature coefficient of the cell 

current (MI/ll.T) is a positive number, approximately 0.6mA/A - °C. The 

following equation can be used for the array current (IT) at temperature 

(TC)' 

(Eq. III-2) 
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For bright cloud enhancement conditions, the output 
current and power should be increased by 15 to 20 percent to adequately 
size the inverter output. 

2) Inverter Output 
Another important aspect of the inverter specifica

tions is its output power rating. This can be estimated either from the 
load requirements or by multiplying the photovoltaic array input power by 
the efficiency of the inverter. Most inverters guarantee an efficiency 
of 90 percent or better at full load conditions. This output rating is 
expressed in kW and several manufacturers of inverters offer units 
between 1 kW and 300 kW. 

3) Single vs. Multiple Units 
In large PV-T designs one may consider the cost 

effectiveness of installing multiple inverters instead of one large 
inverter. For example, four 75 kW units may be used instead of one 300 
kW unit. Issues which must be addressed to optimize the design for any 
given system include cost, physical size of the inverters, array location 
and partitioning, reliability, maintainability, spare parts, and the 
wiring and control architecture associated with multiple units. Multiple 
units also permit greater power availability factors since an extra unit 
can be purchased as a spare at only a fraction of the cost of the larger 
unit. However, spare parts would still be required for repair. 

b. Operational Modes 
1) Stand Alone/Synchronous Modes 

Inverters may be designed to operate in two basic 
modes: stand-alone and synchronous. Combinations of these two modes are 
available, with manual and automatic switching capability available 
between the two modes in some designs. For this contract, systems will 
be designed for the synchronous mode because the contract requires 
ut i 1 ity- interact i ve systems; however, the other modes of operat i on wi 11 
also be discussed below. 

a) Stand-Alone Mode 
The stand-alone mode is used when no utility tie 

is available or is not desirable. In this mode of operation, all of the 
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avai lable photovoltaic power produced is consumed in a local load. If 

the load cannot consume the full power of the array output, the inverter 

will draw less power from the photovoltaic array. The excess power is 

usually fed to a battery storage unit. The stand-alone mode inverter may 

be designed to output power at 60 Hz either by internal timing generation 

or by phase locking to the utility without delivering power to the 

util ity • 

b) Synchronous (Utility-Interactive) Mode 

In the synchronous mode of operation, the 

inverter ties directly to the utility and gets its timing signals from 

the 60 Hz frequency of the utility tie. Normally in this mode, all of 

the inverter output power is delivered to the utility and building load; 

however, additional parasitic loads may be placed on the output of the 

inverter. The ut il ity wi 11 supp 1 y power to the loads when the array is 

not operating or the loads are beyond the array capability. 

c) Combinations 

Specifying an inverter for local plus utility 

loads may be useful in some applications. For example, one might 

configure a system with two input power sources to the inverter, a photo

voltaic array and a battery system. Battery storage may be used if the 

util ity credit price is low. During dayl ight hours, the PV array runs 

the inverter and provides power to the utility, the batteries, and the 

load; at night the batteries provide enough power to operate a few 

hundred watts of load locally. This capability to change modes of opera

tion may be accomplished either manually or automatically. 

2) Array Voltage Control 

There are two methods of contro 11 i ng the operat i ng 

voltage of the array: peak power tracking and fixed voltage operation. 

Peak power track; ng is accompl i shed by the inverter varyi ng the load on 

the array, monitori ng the vo ltage and current, and 1 oadi ng the array at 

the voltage which produces the maximum power. Fixed voltage operation is 

much simp 1 er by compari son. The inverter input vo ltage is set at an 

array vo 1 tage correspond i ng to the average yearly temperature (or some 
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other nominal temperature) and nominal insolation for the locale. The 

loss in power during extremes of temperature can be very significant. 

Most applications utilize peak power tracking, as will the systems 

designed for this contract. 

c. Performance SQecifications 

1) Conversion Efficiency 

There is some power loss in the conversion from DC 

power to AC power. This loss is consumed in the components of the 

inverter. Aside from the actual conversion loss, there is a parasitic 

power loss associated with the control circuits in the inverter. Refer 

to the section on tare power for this discussion. Normally the power 

conversion efficiency is specified at full load conditions and ranges 

from 87 to 93 percent. At loads below this rating, efficiency drops off 

and may be as low as 80 percent for a 50 percent load. Although high 

efficiency at low power (for example, 80 to 85 percent at 25 percent 

load) is obtainable, it is nevertheless important not to oversize the 

inverter for a given appl ication as this wi 11 lower the overall system 

efficiency. 

2) Tare (No-load) Power 

Tare power is the minimum power level at which the 

inverter wi 11 beg i n converting power to the load. The tare power is 

measured by circuits inside the inverter and represents the minimum power 

output of the DC source (PV array) required to operate the control and 

power conversion circuits of the inverter. This parasitic power consump

tion can be several hundred watts for large scale inverters. It is also 

used 1n the calculation of conversion efficiency since it is a fixed 

operational loss of the power conversion unit. 

3) Signal Quality 

There are two specifications regarding the quality of 

the output signal of an inverter which should be considered carefully. 

These include frequency range and harmonic distortion. The output 

frequency of the inverter is usually 60 Hz for a utility tie connection. 

The frequency is synchroni zed to the ut il ity bus, but inmost instances 
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this is separately monitored for frequency deviation from the nominal 60 

Hz value. If an error is measured, the inverter will automatically 
disconnect from the utility bus until the frequency is again within 

tolerance. Typical inverter frequency tolerances are 60 Hz ~ 3 - 5 Hz. 
Distortion of the output current waveform is also 

specified by the inverter manufacturer. This is normally defined as 

total harmonic distortion (THD), which takes into account the harmonic 
frequenci es of 60 Hz, i. e., 120 Hz, 180 Hz, etc. THD product i on can be 

affected by the method of inverter commutat i on. Line commutated (LC) 
inverters obtain commutation signals from the utility line. Self

commutated (SC) inverters, while obtaining synchronization from the 

utility line, generate their own commutation signals internally. THD can 

be held to less than 5 percent of full load current for SC inverters, but 

can be quite high in LC inverters. LC inverter signal qual ity can be 

corrected to improve THD but this involves additional hardware and makes 

the otherwi se 1 ess expens i ve LC inverter comparable in cost to the SC 

inverter. 

4) Power Factor 
Reactive power from the inverter is normally 

minimized, and the utility is expected to supply this power for highly 

react i ve loads. A power factor of 1. 0 ~ .05 is reasonab 1 e to expect in 

inverters des i gned for synchronous mode operation. SC inverters can 

control reactive power production to achieve good power factors. LC 

inverters, on the other hand, require additional hardware to achieve good 

power factors, thus compromising their cost advantage. 

5) Peak Power Tracking 

Another important feature to be concerned with when 

selecting an inverter is the accuracy and voltage range of the peak power 

tracking. This portion of the unit maintains optimum power output from 

the DC source by varying its input load on the source. Typically, 

track i ng accuraci es of better than 1 percent can be obtained. The range 

of input voltages over which the unit will accomplish peak power tracking 

must be considered. This is also discussed in section l.a.(l). 
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d. Control and Protection 

Included in the most aqvanced inverter designs are several 

signal monitoring and control circuits. These circuits detect errors in 

signal levels as well as over-temperature conditions and cause the power 

process i ng system to disconnect itse lf from the load. the PV array. or 

both. They also pr9vide for automatic start-up and nighttime shutdown of 

the inverter. Output va ltage. output frequency, input va ltage. input 

current, and ground fault conditions are typical of the types of signals 

which are monitored. Manual disconnect capabilities are also provided in 

the inverter design. 

1) Input Control and Protection 

The input sect i on of the inverter u sua 11 y conta ins 

three important sub-assembl ies: the Electro-Ma,gnetic Interference (EM!) 

protection circuitry. the shorting contactors, and the array open circuit 

contactors. 

a) EMI Protection 

Electro-magnetic interference from signals which 

couple into the PV array and its associated wiring, must be filtered out 

to provide a noise-free power source for the inverter electronics. 

El imination of the unwanted signals al so reduces the THO figure for the 

output signal quality. A simple and effective filtering technique 

common ly used in the input stage of inverter des i gn is the LC network. 

This filter essentially eliminates all of the high frequency power (EMI) 

present on the array power input to the inverter. 

b) Input Control 

Some inverter des i gns inc 1 ude a set of short i ng 

contacts at the input stage. These contacts short the plus and minus 

sides of the array together and thereby reduce the va ltage potent i a 1 at 

the PV modules to zero volts. This condition does not damage the PV 

array components and provides a maintenance safety feature to the system. 

In very 1 arge systems. it is impract i ca 1 to short c i rcu i t the array due 

to the enormous currents. 
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Most inverters are designed with series contacts 
to open circuit the PV array. This may be used by the inverter to 
disconnect the PV array from the power processing circuit when the DC 
input power to the inverter does not meet the minimum input power 
requ i rements (tare power) of the inverter, or the inverter may simp ly 
shut down the power processing under these conditions. The tare power 
represents the no-load losses associated with the inverter electronics 
which the PV system is required to supply. 

c) Over-Voltage and Over-Power Protection 
The inverter will also disconnect from the array 

vi a the seri es contacts, or 1 imit the array output to protect i nterna 1 
hardware if the input voltage or power is greater than the maximum values 
specified by the manufacturer. 

2) Output Control and Protection 
a) Isolation Transformer 

In SC inverters, an isolation transformer is 
usually included on the output to protect against DC power flow into the 
util ity and to prevent util ity feedback into the DC system. In LC 
inverters, a 1 arger i so 1 at i on transformer is requ i red to carry react i ve 
power. This transformer may be supplied as a separate item. 

b) Output Control and Protection 
Contacts or circuit breakers are usually 

provided on the output to manually disconnect the inverter from the 
utility. Automatic disconnection is also accomplished through these 
devices in the case of util ity fault conditions. Output voltage and 
frequency are usually monitored so that the inverter can disconnect in 
the event of loss of utility, excessive current into utility, or utility 
frequency or voltage out of range. 

3) Ground Fault Protection 
Ground fault monitoring and protection may be 

performed on both the input side (DC) and the output side (AC) of the 
inverter. Several commonly used techniques to detect current flow in the 
ground leg of the system are discussed in a later section. 
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4) Environmental 
Every piece of electronic instrumentation is designed 

to operate under certain environmental conditions. Normally, temperature 
and humidity ranges are specified for the inverters. The typical 
operating temperature range for most of these units is 0 to 500 C, and up 
to 95 percent relative humidity without condensation. The storage 
temperature range of the units is much wider. If ambi ent temperature 
conditions outside the specified operating range exist, the unit may shut 
down (internally monitored temperature). This becomes a prime considera
tion and may necessitate the design of a ventilation or air conditioning 
system. 

2. PV Array Configuration 
This section addresses technical issues concerned with the 

electrical configuration of a PV-T array. The problem of interfacing the 
PV array voltage and power with the inverter will be considered, as well 
as the impact of series and parallel wiring in a PV-T system. The use of 
blocking and bypass diodes will also be discussed in this section since 
they are an integral part of the PV array. 

a. Interface of the Array with the Inverter 
In a uti 1 ity-i nteractive system, the initial concern in 

developing the array electrical configuration is the interface with the 
inverter. As previously discussed in section 1, the array voltage range 
under expected temperature vari at ions must be matched to the inverter 
input voltage window. If the system power is determined by the load 
requirements, the array would be designed to satisfy these power require
ments. If, however, the system is constrained by cost or available area 
consideration to less than the load power requirements, the array is 
designed to produce the highest power within these limitations. 

In order to accomplish the array/inverter interface, 
modules are connected in series to approximate the midpoint of the 
inverter voltage range. The variation in array voltage with temperature 
extremes expected in the locale of the system application are calculated 
and compared with the voltage limits (voltage window) of the inverter. 
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If the array voltage range is skewed with respect to the inverter voltage 

wi ndow, the number of modu 1 es connected in seri es can be increased or 

decreased as appropriate, or the inverter voltage window can be adjusted 

slightly. The techni que for performi ng thi s des i gn interface wi 11 be 

presented in the design guidance section. If the power requirements of 

this system cannot be satisfied by connecting an integral number of these 

series strings in parallel, the array/inverter interface must be 

redesigned by increasing or decreasing the number of modules connected in 

series and adjusting the inverter voltage window accordingly. 

b. Array Electrical Connections 

1) Series/Parallel Tradeoffs 

The most straightforward method of performing array 

electrical interconnections is to connect modules in series to obtain the 

desired voltage, and then to connect these series strings in parallel to 

obtain the desired power. Some advantage s can be obta i ned with more 

complicated interconnection schemes, such as connecting two or more 

modu 1 es in para 11 e 1 to prov; de redundant current paths in the event of 

shadowing or cell failure. In a PV-T system, however, the performance of 

the ce 11 sin a modu 1 e is affected by the therma 1 des i gn of the co 11 ec-

tor/receiver assembly. In order to obtain useful thermal output, a 

significant differential must exist between the inlet and outlet tempera

tures of the cooling fluid. Therefore, adjacent cells on the receiver 

will operate at different temperatures. A simple study was performed 

using PV-TAP (ref. III-I) to assess the impact of connecting cells in 

• seri es and para 11 e 1 a long the therma 1 1 ength. 

Figure III-l contains I-V curves generated by PV-TAP 

for a single cell operating at different temperatures. Th is concen-

trating cell is operating under 24 suns concentration. The family of 

curves represents temperature vari at ions in 20°C increments from _200 C 

for the x I s to 1200 C for the 7 's. Ali ne drawn through the peak power 

poi nts shows that the peak power current is near ly constant over the 

temperature range, while the voltage varies almost linearly with 

• temperature. Th i s suggests that ce 11 s operat i ng at different 
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temperatures can be connected in series with little power loss since they 

can both operate at peak power. The same ce 11 s connected in para 11 e 1 , 

however, will be forced to operate at the same voltage, but neither will 

be operating at peak power, since their peak power voltages are 

different. 

To quantify the effect of series and parallel 

connection of cell s at different temperatures, PV- TAP runs were made in 

which two cells with temperatures of oOe and 1000e, respectively, were 

connected, first in series and then in parallel. Additional runs were 

made in which the cells were both operated at 500e, which was the average 

temperature of the two ce 11 sin the previ ous runs. Both seri es and 

parallel interconnection of cells at the same temperature produced 

i dent i ca 1 peak powers of 1. 22 watts with all ce 11 s operat i ng at the 

identical peak power voltage of 0.49 volts. The results are summarized 

in table III-I. The cells operating at different temperatures which were 

connected in series produced a combined peak power of 1.21 watts, only 

0.8 percent below the case with identical cell temperatures. The cells 

connected in parallel, however, produced only 1.01 watts, which is 17 

percent below the identical temperature case. 

Similar results were seen in the voltage statistics. 

The combined voltage of the cells at different temperatures connected in 

series was .99 volts, only 1.0 percent from the voltage for the identical 

temperature case. The voltage of the cells at different temperatures 

connected in parallel, however, was .43 volts, which is 12 percent from 

the identical temperature case. Thus, a string of series-connected cells 

operating at different temperatures can be adequately represented by the 

average temperature of the cells, while parallel connection of cells at 

different temperatures cannot. In addition, power loss is greater for 

cells connected in parallel. 

Th is study i nd i cates that ce 11 s shou 1 d be connected 

in series over the thermal receiver length. Neither cells at different 

temperatures nor ce 11 seri es stri ngs with di fferent average temperatures 

should be connected in parallel. Applying these results to a 1 inear 
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TABLE III-I. RESULTS OF TEMPERATURE DIFFERENTIAL STUDY 

Series Connection 
(LIT = 1000C) 

Identical Temperatures 
(500 C) 

Parallel Connection 
( LIT = 1000 C ) 

Identical Temperature 
(500 C) 

Pp % Dev. 

1.21W~ 

/

0.8 

1.22W 

1.0lW" 

/

17.2 

1.22W 

III-14 

Vp % Dev. 

.99V~ 

/

1.0 

.98V 

.43V~ 

/12.2 

.49V 
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parabolic trough with a V-shaped receiver tube, for example, the cells 

arranged along the receiver tube length should be connected in series, 

but the two series strings on opposite faces of the receiver tube may be 

connected together either in series or parallel, because the strings have 

the same average temperature. If, however, the thermal cool ing length 

extends beyond a single receiver, the receiver strings should be 

connected together in series, not in parallel, since the strings will 

operate in different temperature regions. This also brings out the 

importance of maintaining equal coolant flow rates through each parallel 

connected row of co 11 ectors to ensure each row is ope rat i ng at the same 

average temperature. 

An additional study was performed using PV-TAP to 

assess the losses associated with paralleling modules in a typical linear 

focus Fresnel system produced by E-Systems. The need for the study was 

occasioned by the long thermal length required by this type of system. 

An E-Systems array consists of four modules (or col-

1 ectors) mounted together ina two-ax i strack i ng frame. Each modu 1 e 

produces 30.1V and 12.7A with 40X concentration of 1000 w/m2 insolation 

and fluid temperature of 250 C. The corresponding cell temperature is 

about 390 C. The thermal 1 ength extend s over all four modu 1 es. In 

addition, it is desirable to extend the thermal length over approximately 

12 arrays (48 modules), since only about 360 C fluid temperature rise is 

obtained over this length at a flow rate of 5 x 10-4 m3/sec (8 gpm). 

Si nce the expected inverter vo ltage wi ndow is 300-450V, all 48 modu 1 es 

could not be connected in series. At 30V per module, it would be 

reasonable to connect 12 modules in series to obtain 360V. Therefore, 

four strings of 12 modules each, would have to be paralleled. 

Based on the previous study, it was decided that if 

parallel ing was required, it would be better to parallel modules than 

stri ngs of modu 1 es since the average temperatures of the ent it i es be i ng 

paralleled would be closer. The study considered thermal lengths of 12 

and 24 arrays (48 and 96 modules) with different flow rates resulting in 

different temperature rises from inlet to outlet. Modules were connected 
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in parallel first (4 modules for the 12 array case and 8 modules for the 

24 array case) and then, the parallel groupings were connected in series 

(12 for each case). The anal ys is then as sessed the power loss for each 

case with different flow rates compared to the maximum power obtainable 

with no temperature differential. 

Two other cond it ions were stud i ed for the 24 array 

case. In one, the four modules in an array were paralleled and 12 arrays 

were connected in seri es to form a stri ng before the two stri ngs were 

fi na lly connected in para 11 e 1 . I n the second, the four modu 1 es in an 

array were connected in seri es, and three arrays were also connected in 

series to obtain the 360 V desired, and finally, eight series strings were 

paralleled. This was done to test the assumption of obtaining better 

performance by accomplishing all paralleling first. 

In the PV-TAP Modeling, each module was represented 

by a single PV cell model. The cell parameters used in the previous 

study were factored to represent a full module rather than a cell. The 

12 array system was run at 40X concentrat i on of 1000 W/m2 i nso 1 at i on with 

no fluid temperature rise from inlet to outlet to validate the modeling 

and provi de a "contro 1" run to use as a bas is for compari son of power 

losses. The results are shown in table III-2. The 12 array system 

produced 18.8 kW at 365 V and 51.5A, which corresponds to 391.7W per 

module at 30.45 V and 12.87A. The module speCifications obtained from E

Systems were 30.1 V at 12.7A for 382.3W. The voltage and current obtained 

are each sl ightly more than 1 percent above the specifications and the 

power is within 2.5 percent of the specification. 

TABLE III-2. MODELING VALIDATION 

MODULE 

POWER VOLTAGE CURRENT 

CALCULATED 391. 7101 30.45 V 12.87A 
SPECIFIED 382.3W 30.1 V 12.7A 

% DEVIATION 2.46% 1.16% 1.34% 
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The matrix of runs performed is shown in table 111-3. 

The flow rates were not input to PV-TAP since only the cell temperatures 

are required for electrical performance. The values for fluid tempera

ture ri se from in 1 et to out 1 et were obtained from SOLCEL I I analyses of 

the thermal loop. All cell temperatures within a given module were 

considered to be the same since cell s in series can be represented by 

their average temperature. To obtain the desired temperature rise from 

inlet to outlet (.n FLUID) successive modules were operated at 

temperatures of lITFLUID/(NW1) above the previous module where NM is the 

number of modules in the system. The interconnection patterns in table 

111-3 are read from left to right so that 4P x 125 x 2P indicates four 

modules in parallel in an array by 12 arrays in series by two series 

strings in parallel. 

TABLE 111-3. MATRIX OF ANALYSIS RUN CONDITIONS 

INTERCONNECTIONS CASE ARRAY/MODULES FLOW RATE lIT
FLUID m3/secx10-4 gpm 

12-1 12/48 6.3 10 gpm 28.80C 4Px12S 
12-2 5.0 8 gpm 35.90C 
12-3 3.8 6 gpm 47.70C 

24-1 24/96 7.6 12 gpm 47.70C 8Px12S 
24-2 6.3 10 gpm 57.10C 
24-3 5.0 8 gpm 71.10C 

24-2A 24/96 6.3 10 gpm 57.10C 4Px12Sx2P 

24-2B 24/96 6.3 10 gpm 57.10C 12Sx8P 

The results of the analysis are listed in table 

I II-4. The power per array and the percent loss from the ideal case are 

shown for both 12 and 24 arrays in the thermal loop. It can be seen that 

the power per array and the percent loss is the same for both cases which 

conta i ned the 47. 70C temperature differential. By graph i ng the resu lts, 

the curve in figure III-2 is obtained. The percentages lost exhibit a 
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nearly 1 inear relationship with .n FLUID regardless of the number of 
arrays. The slope of the curve appears to be increasing only very 
slightly with temperature, but this deviation is within the error limits 

of the analysis. 

TABLE 111-4. RESULTS OF PV-TAP THERMAL LENGTH STUDY 

12 ARRAYS 
t.TFLUIDC°C) POWER/ARRAY 

a 1. 567 kW 
28.8 1.479 kW 
35.9 1.458 kW 
47.7 1.421 kW 
57.1 
71.1 

57.1 

57.1 

LOSS 

5.62% 
6.96% 
9.32% 

24 ARRAYS 
POWER/ARRAY LOSS 

1. 567 kW 

1.421 kW 
1. 391 kW 
1. 347 kW 

A-ALTERNATE 24 
1. 353 kW 

B-ALTERNATE 24 

9.32% 
11.23%" 
14.04% "" 

2.43% 
Difference 

13.66%/ 

1.343 kW 14.29% 

The runs containing the alternate interconnection 

scheme exhibit definite increases in power loss. Alternate connection A 
had a power loss of 13.66 percent, which is 2.43 percent greater than the 
loss with the preferred interconnection scheme, alternative B had a loss 

of 14.29 percent, wh i ch is 3.06 percent greater than the loss with the 
preferred interconnection scheme. Therefore, the ana lys is supports the 
interconnection preference assumption • 

The analysis performed represents the worst case 

losses obtained due to cell temperature mismatch, since each case was run 
at full insolation C1000 W/m2). For a given design case, for example, 24 
arrays at 6.3 x 10-4 m3/sec (10 gpm), the actual loss will be less over 

the course of a year since the arrays wi 11 not rece i ve fu 11 i nso 1 at i on. 
To assess the losses at other i nso 1 at ions, the loss and the 1'1 T can be 
factored by the decrease in insolation. For the 24 array-6.3 x 10-4 
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m3/sec example, full insolation loss is 11.23 percent because 6T is 
57.10 C. At half insolation, ~T will be 28.60 C and the corresponding loss 
will be 5.62 percent. 

2) Center Grounding 
Center grounding of the array is often employed in 

commercial and industrial applications so that electrical equipment with 
lower voltage ratings can be used. This wiring technique also provides 
redundant current paths in the case of module failure or shadowing and 
results in higher outputs under these conditions. Center grounding of 
the array, however, results in greater danger to personnel than an 
ungrounded array. If someone should touch an exposed lead, a return path 
from ground is established through the person. With a floating array, 
however, no return path from ground would be established unless some part 
of the array had a shorting failure to the metal receiver tube. This 
hazard is usually considered acceptable in a commercial or industrial 
application where access to the array is carefully controlled and limited 
to trained maintenance personnel. 

3) Maintenance and Other Considerations 
At the current summing nodes where the blocking 

diodes are normally installed, the wiring system must take into account 
the accessibility of the different strings and possibly the accessibility 
of individual modules for replacement. In most cases the optimum wiring 
configuration wi 11 allow the maximum test flexibil ity and fault location 
in the array field. In order to do this, however, every string node must 
be accessible to the maintenance personnel. 

c. Bypass and Blocking Diode Considerations 
Both the bypass and blocking diodes perform important 

functions in the PV system wiring design. Correct specification of these 
components can lead to an optimal DC power-loss figure, and enhance 
system reliability. 

The primary fUnction of bypass diodes is to protect cells 
from excessive reverse voltage due to shadowing. Bypass diodes also 
improve output by pass i ng current around a group of ce 11 s if the ce 11 s 
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should be shadowed or should fail open. Normally, there is at least one 

bypass diode mounted reverse biased on every PV module. This can also be 

done on a sub-module basis. The maximum number of cells which may be 

connected in series in a bypass group is determined either from reverse 

breakdown or over-heat i ng cons i derat ions. The equat ions used to deter

mine this design are presented in the design guidance chapter. 

Since the bypass diode is normally reverse biased, a 

minimal amount of current flow can be expected through the diode. This 

is referred to as leakage current as specified by diode manufacturers at 

a given reverse voltage potential. For most si licon diodes this ranges 

from less than a micro amp, to as small as 10 to 20 nano amps. If a 

bypass group shou 1 d fa 11 to open or be shadowed, the current can flow 

through the bypass diode, thereby completing the circuit to other cells 

in the series wired string. Instead of producing power from the bypass 

group, the diode is actually dissipating power, in order to deliver power 

from the other cells below it in the series wired configuration • 

Blocking diodes combine currents for series wired strings 

in parallel. They prevent strings that have module fai lures, or are 

shadowed, from draining current from higher voltage strings which can act 

as a current source for the low voltage string. Blocking diodes should 

be placed at one end of each array series string for uni-polar systems, 

and on each end for center-grounded systems. 

Both the bypass and the blocking diodes must be specified 

for the particular PV system design. For the bypass diode, the critical 

parameters are the current rating, forward voltage drop, and the reverse 

breakdown voltage. Heating due to power dissipation in forward bias 

should also be considered. 

The blocking diode performance parameters must also be 

specified in the design. These parameters include the peak reverse 

voltage specifications for the diode, the forward voltage drop, the 

maximum power dissipation allowable, and current rating of the diode. 

Since blocking diodes are in the series leg of the power output of each 

string, they consume some power, which is a parasitic DC power loss in 
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the system. Optimally one would choose the blocking diode with as low a 

forward voltage drop as possible at the current rating required. It is 

worth noting that blocking diodes should be over-designed in the system 

so the power dissipated by the diode does not 

temperature rise for that component; otherwise, 

required for each blocking diode. 

3. Power Conditioning 

cause a significant 

heat sinks will be 

The power conditioning in a PV-T system refers to the wiring 

and other system components associ ated with the inverter tie into the 

utility bus. This section will discuss circuit breakers, disconnect 

switches, current ratings and electrical specifications of the AC wiring, 

and derating of that wiring. 

a. Utility Tie Components 

In any PV system that uses a utility tie there are certain 

components wh i ch must be i nsta 11 ed between the inverter and the ut i 1 ity 

bus. The primary purpose of these components is to serve as an 

electrical disconnect between the PV side of the system and the uti 1 ity 

side of the system. In some cases, circuit breakers are used to trip 

over-currents on any phase of the AC circuit. In addition to the circuit 

breakers, safety disconnect switches are often ut i 1 i zed to prov i de an 

easy means of manually disconnecting the inverter from the utility bus. 

The characteristics of the circuit breakers and safety disconnect 

switches are issues in the design of the PV-T system, since there are 

several types of circuit breakers and disconnect switches. 

consideration must be given to specification of these units. 

b. Electrical Specifications 

Careful 

Bes i des the ci rcu it breakers and safety di sconnect 

switches, all the components on the AC side of the system must be speci

fied for voltage and current. The voltage and current ratings are given 

in most manufacturer's catalogs for RMS values of the AC voltage or 

current. In add it i on to these components, power and energy moni tori ng 

meters may be i nsta 11 ed to determi ne the power and energy f 1 owi ng from 

the utility to the inverter or from the inverter to the utility bus. The 
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electrical specifications of the utility bus are also very important, 

becau se they affect the des i gn and specifi cat ions of the inverter and 

i nd i cate appropri ate places for the use of transformers instep up or 

step down confi gurat ions. The major e 1 ectri ca 1 specifi cat ions requ ired 

from the ut il i ty bu s pri or to the des i gn are the vo 1 tage. current, and 

number of phases in the wiring configuration. 

c. Wiring Considerations 

There are several methods of routing wiring from the 

inverter to the utili ty, or to the 1 oca 1 load, inc 1 udi ng condu it rout i ng 

and the use of cable trays. Conduit serves two purposes. The first 

purpose is to provide a mechanically rigid and structurally sound connec

t i on between the inverter and its load. Second, condu it provi des an 

outer shield jacket for the conductors inside because the conduit is 

grounded at one or both ends of the installation and acts as a shielded 

cable tray to eliminate transient induced voltages in the wiring. 

Correct selection of the wiring size to be used for any AC application 

• can be found in the National Electrical Code. Additionally, there are 

derating considerations for this wiring as a function of temperature, and 

special considerations for delivering power to reactive loads. Other 

parameters associated with wire specifications are listed as issues in 

the DC wiring section. They include the insulation properties, 

temperature coefficient of the conductors, and correct method of 

termination into fuses, terminal blocks, and switches. 

• 

• 

1) Electrical Codes 

Once the electrical specifications of the utility tie 

have been determi ned, the method of wi ri ng and correct use of cab 1 i ng 

techniques must be selected to actually interface to the utility. The 

National Electrical Code serves as a guide to determine wiring size and 

type of insulation etc.; however, based on local codes in different parts 

of the country and overseas, other specifications may apply. It is 

highly recommended that an electrical contractor fami 1 iar with the codes 

governing the area of installation be consulted 'and possibly even sub

contracted to do the actual utility interface work. In some cases, the 

utility company may desire to perform this part of the installation. 
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2) Power Monitoring 
Power monitoring takes into account placement of 

energy and power meters connecting the inverter and the utility bus. The 
major reason for i nsta 11 i ng power meters is to ascerta in the direct i on 
and amount of power flow from the PV system to the utility, or from the 
utility back into the PV system. This will allow determination of the 
amount the user owes the utility for electricity, or the amount the 
utility must refund to the commercial or residential PV system owners for 
power provided to the utility system. In order to install (and possibly 
replace at a later date) the power meters, safety switches must be 
located on either side of the bus. This wi 11 isolate any voltage during 
maintenance periods or during the initial installation of meters. It may 
a 1 so be a conven i ent way of di sconnect i ng the ut il ity for a manually 
controlled combination inverter. For example, sometime during the day 
the owner may wi sh to di sconnect from the ut i 1 i ty and supp 1 y a 11 of the 
PV array system power to a 1 oca 1 load. Oi sconnect switches a 11 ow thi s to 
be done manually in the field. 

3) Local Load Considerations 
Some systems may require the local load and the 

utility bus to be connected to the inverter. Occasionally, the local 
load requirements differ from the utility bus. One example of this is a 
three-phase four-wi re system ut i 1 ity, with some of the 1 oca 1 loads for 
the inverter inc 1 ud i ng overhead 1 i ght i ng for the contra 1 room, and with 
outlets for electric hand tools and similar items. This represents a 
120-volt single-phase system, and in order to derive this from the three
phase output of the inverter, an i so 1 at i on transformer must be used. 
Therefore, the specification and correct placement of isolation trans
formers in a system are very important. 

4. System Protection 
a. Ground Fault Protection 

The importance of an adequate ground fault protection 
system cannot be over-emphasized. A ground fault is a significant amount 
of current flow in the grounding system. Ideally, no current should flow 
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in the ground wiring; the return circuit current should flow i~ dedicated 
return or common conductors. A lthough there wi 11 a lmost a lways be a few 

microamperes of leakage currents flowing in the ground conductors, ground 

fault detection circuits are usually implemented to detect appreciable 

current flow, and subsequently disconnect or short circuit the source of 

the current. 
On the DC side of a PV-T system, faults can occur between 

either side of the array voltage and earth ground. Detecting this and 

short-circuiting the array provides electrical shock protection for main

tenance personnel. 
On the AC side of a PV-T system, faults can occur between 

any of the AC phases (if there are more than one) and earth ground. When 

they are detected (by a low impedance between the 1 ines), the output of 

the inverter is disconnected. 

The different methods of detecting ground currents, as 

well as the reliability and susceptibility to false triggering, must be 

investigated in any PV-T system design. 

The placement of the ground fault sensing circuits is also 

of prime importance in the design, and a method of optimizing this 

location will be discussed in a later section. 

b. Transients 

Trans i ents in the photovo lta i c sys tern can be generated by 

lightning, by the inverter switching, or by the utility. Various methods 

are u sed to block, fi lter, or shunt those e 1 ectri ca 1 surges in order to 

protect the system hardware. 

1) Lightning 

Several studies have been performed that assess the 

probability of lightning striking at or near an array, estimate the 

magnitude and effects of the e 1 ectri ca 1 trans i ents induced, and provi de 

methods of protect i ng the array and the power process i ng and contro 1 

hardware. The "results are condensed and summerized below. 

For a commercial or industrial system of less than 

500kW, the probability of a direct lightning strike for the worst 
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location .in-the U.S. appears to be about one strike every 6 to 12 years. 

For other locations, the probability may be one every 20 to 60 years. A 

direct lightning strike to a PV-T collector could cause severe damage to 

electrical hardware due to electromagnetic coupling into cables and 

conductors. Use of air termi na 1 s (1 i ghtni ng rods) is not recommended, 

however. because electromagnetic coup 1 i ng cou ld be equally s i gni fi cant 

from the currents induced in the rods. Groundi ng the 1 arge metal co 1-

lectors and frames of the PV-T array should provide equivalent protection 

without the additional cost. 

The use of a dissipation array could provide addi

tional protection to the electrical system. This type of lightning array 

uses horizontal wires with numerous barbs to collect the static charge 

around the array and conduct it to ground, thereby reducing the prob

ability of lightning strikes. This technique is expensive, however, and 

does not reduce the probability of strikes near the array. Since strikes 

within 100 to 200 meters of the array can sti 11 induce voltages greater 

than 1000 V, and up to 10,000 V, termi na 1 protection devi ces wi 11 be 

required even with the dissipation array. 

The recommended method of lightning protection is to 

ground the collectors and support frames or pedestals to a counterpoise 

system buried in the ground, and provide terminal protection devices at 

the ends of cable runs. 

The counterpoise system consists of a network or grid 

of bare conductors buried 5.08 - 7.62 CM (2 - 3 in) underground which 

cri ss-cross under the array. The termi na 1 protect i on devi ces cons i st of 

spark gaps, vari stors and Zener di odes connected near the e 1 ectri ca 1 

equipment they are designed to protect. Standard AC surge suppression 

devices are available for use on AC power lines. These usually contain 

spark gaps. In a DC application, however, spark gaps may not extinguish, 

since the excursions through zero voltages experienced on AC lines are 

not present on DC lines. Therefore, varistors, which are voltage 

variable resistors, are used on DC lines. These are designed for 

trans i ent protect i on. Zener di odes cannot handl e the 1 arge power surges 
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associated with lightning, and are subsequently used only in combination 
with varistors, as shown in figure 111-3, to provide additional filtering 
for low immunity lines such as logic inputs. The varistor conducts the 
major current while the resistor limits the current to the Zener diode, 
which clamps at about 7.5 V. 

2) Other Transients 
In addition to lightning, transients can also be 

induced by electromagnetic interference (EMI). by inverter switching, and 
by utility surges. Since lightning protection devices do not provide 
suppression of these low level transients additional protection is 
provided. 

EMI protection is usually provided for the inverter 
by LC filtering in the input stage. The LC filtering also prevents 
trans i ents generated in the inverter from bei ng injected into the DC 
1 i nes. An i sol at i on transformer provi des trans i ent protect i on on the 
output of the inverter. The blocking diodes placed at the ends of the 
array series strings prevent reverse current flow into the strings. 

c. Utility Failure Protection 
Protection against anomalous utility conditions such as 

abnormal frequency or voltage, utility shorting, or loss of signal, is 
usually provided within the inverter. When monitoring circuits within 
the inverter sense these cond it ions, the inverter wi 11 di sconnect from 
the utility and reconnect when the utility returns to normal. 

Sometimes the utility company will not accept this protec
tion, but will require external redundant protection to ensure that a 
down-line is not energized by the PV system. Loss of voltage or loss of 
power relays coupled with circuit breakers can be used to automatically 
break the AC lines under these conditions. 

5. Miscellaneous Electrical Components 

Several electrical components must be used in the electrical 
portion of a PV-T system design. The proper specification of these 
components ultimately affects reliability, safety, and cost of the 
system • 
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CABLE '--_~----~ TTL 

V1 

V1 = GENERAL ELECTRIC V24ZA50 VARISTOR 

01 = GENERAL SEMICONDUCTOR 1CTE-5 

R1 = ALLEN-BRADLEY CARBON COMPOSITION 
GB RESISTOR 4.7r2 + 10% 1W 

BDM/A-82-458-T8-R1 

Figure III-3. Typical Data Line Logic Protection Circuit 
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a. Safety Switches 
In all PV and PV-T system designs there are several places 

where safety switches are required. For example, during fuse replace

ment, neither side of the fuse must present an electrical shock hazard to 

the maintenance person. Therefore, switches are employed to open circuit 

the voltage source at the fuse block location. Similarly, switches are 

also used where operator or maintenance personnel access is required for 

servicing or troubleshooting. 

There are three important parameters to specify when 

buying switch components; 1) voltage rating, 2) current rating, and 3) 

contact type. Additional parameters exist for circuit breakers. 

1) Voltage Ratings 

The vo ltage rat i ngs presented by most switch manu
facturer I s are Underwri ter I s Laboratory (UL) approved and tested per UL 

standards. This guarantees a level of quality and a conservative rating. 

DC and AC ratings are different for some switches and the same for 

others. This can be confusing since many factors contributing to the 

voltage rating are not obvious to the PV-T system designer. When speci

fying switch voltage ratings for a given configuration, the worst case 

(highest) value is used; that is, the voltage between terminals and the 

voltage to chassis ground must be known, and the higher of these two 

va 1 ues shou 1 d be used. DC and AC vo ltage rat i ngs are not i nterchange

able, and the exact placement in the system must be known in order to 

specify this parameter correctly. 

2) Current Ratings 

DC and AC current ratings for the switch contacts are 

specified by the component manufacturer similarly to the voltage figures. 

They take into account the size of contacts, plating used on the 

contacts, operation and de-activation time constants, and they affect the 

number of operations (useful lifetime) of the switch. 

3) Contact Type 

Depend i ng on the des i gn of the switch contact used, 

more or fewer operations of the switch may be expected in its useful 
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1 ife. Swi tches can be rated from several thousand closures to several 

million closures, depending on the current actually flowing through the 

contacts and the type of contact material used. Also, the material used 

wi 11 be a major factor in the res i stance Ul} of the switch wh il e in the 

"on" position. If the number of switch contacts in a system is high 

(several hundred), an appreciable amount of power loss may be expected if 

low quality switches are installed. 

b. Circuit Breakers 

Circuit breakers are used on the AC side of the PV 

electrical distribution system. They are available separately mounted in 

appropriate enclosures to suit locations, or as part of a switchboard or 

panelboard, depending on rating. Circuit breakers are classed in frame 

sizes of 50 to 4000 A, or as "molded case" and "large air", or "low

voltage power" circuit breakers. 

1) Molded-Case Circuit Breakers 

In th is type the contacts are shutes, and ope rat i ng 

parts are enc 1 osed ina mo 1 ded p 1 ast i c body with an externa 1 operat i ng 

handle protruding through the cover. They are available with magnetic

actuated elements, combination thermal-magnetic elements, and nonauto

matic mechanisms. Molded-case breakers are available in frame sizes of 

50 to 4000 A, with a short-circuit interrupting rating of from 5000 A to 

200,000 A asymmetrical. Caution should be exercised in applying molded

case circuit breakers as they are rated for use at 120/240 (208), 277. 

480, and 600V. Improper select i on coul d cause extens i ve damage to 

property, and injury or death to unsuspecting workers. 

Thermal-magnetic circuit breakers respond to overload 

current through a thermal bimetall ic element which provides an inverse 

time-current relationship, and an instantaneous magnetic element that 

responds to short circuit current flow. The thermal element protects 

against overloads without nuisance tripping from momentary higher over

load cu rrents. The speed of the breakers response depend s on the magn i -

tude of the overload. 
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The magnetic trip element provides instantaneous 

protection against short circuits. These systems usually have provisions 
for selection of a trip setting above the harmless momentary overload 

level, but provide the fastest possible breaker tripping for currents 

above the selected tripping point. The use of such a device protects 

motor circuits against short circuits, with overload protection provided 

by the therma 1 element. Nonautomat i c ci rcu it breakers serve as d i scon
nect means only, as they have no tripping devices. 

A number of aux il i ary attachments are avail ab 1 e for 

remote tripping, for signaling that the breaker is off, on, or has 

tri pped due to over load or short circu it. Motor-dri ven mechan isms are 

available to both open and close the breaker from a push-button or other 

signal. Some breakers have interchangeable trip units which can be 

changed to higher or lower trip values in the field; other breakers have 

fixed, factory-set trip elements. 

2) Large Air or Low-Voltage Power Circuit Breaker 
These circuit breakers are available at ratings of 

225 to 4000 A with symmetrical interrupting ratings ranging from 22,000 A 

in the standard form, to 200,000 A with current limiting fuzes mounted on 

the breaker frame. They may be manually or e 1 ectri ca lly operated, and 

both are equipped with a manual trip button. 

Some manufacturers produce these breakers with 
stored-energy closing mechanisms, consisting of springs which are charged 

either manually. or through motors, to rapidly close the breaker 

contacts. The motor-charged spri ng mechan isms may be charged manua 11 y, 

if necessary. Other manufacturers produce these breakers with spri ng

assisted closing on manual types and solenoid closing for electrically 

operated units. 

As with molded-case circuit breakers, remote trip and 

signaling devices are available. The electrically operated breakers can 

also be easily connected to operate in pairs to transfer the power supply 

from one source to another, as from a utility company source to a stand
by generator • 
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c. Junction Boxes 
In order to connect the string wires from series or 

parallel connected PV cells, junction boxes are required. They must be 
selected to fit each individual application; however, many of the param
eters of the J-Boxes are common to all systems, and must be identified in 
order to optimize this selection process. The first of these parameters 
is the environmental requirement placed on the box. Standard National 
Electronic Manufacturers Association (NEMA) type enclosures are often 
used, and are available for outdoor installation applications as well as 
for interior mounting. The boxes must also provide for ease of PV celli 
string replacement. This is usually accomplished by installing fuses or 
switches that allow a person to i so 1 ate the stri ng from the rest of the 

PV array for safety reasons. Mount i ng cons i derat ions for the J-Boxes 
must also be taken into account, and in most cases, provisions for elec
trically grounding the metal enclosures must be made. 

d. Terminal Strips and Jacks 
To actually terminate the wires, terminal strips may be 

emp 1 oyed in the J-Box and other portions of the system wi ri ng. The 
voltage rating. terminal size, and plating characteristics of the 
terminals should be specified. The voltage rating should be conservative 
(add 25 percent), and represent the highest voltage that will be present 
at the terminal. This rating should be considered for terminal to 
terminal voltage as well as for terminal to ground vOltage in cases where 
the strips are bolted to a metal box or chassis. The terminal size can 

be specified by knowing the wire size used. Terminal (spade) lugs and 
terminal screw conections are rated by wire size (AWG) , and screw size 
(#10-32). Various plating types are available for most termal strips. 

This is a consideration especially for high humidity and 
salt spray areas, since the connections are more susceptible to corrosion 
in these envi ronments. A 11 of the above cons i derat ions for termi na 1 

strips also apply to test jacks and mechanical switches. 
e. Fuses and Connectors 

The general considerations pertaining to termal strips and 
jacks are a 1 so app 1 i cab 1 e to fuses and connectors. Another aspect in 
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specifyi ng fuses is the delay time and over-current characteri st i cs of 

the fuse. The delay time specifies how long it takes for the fuse to 

react to an over-current cond it i on, and the over-current rat i ng is the 

current at which the fuse will actually blow. This is a minimum current 

rating, and over-currents in excess of this figure will shorten the delay 

time. 

6. Wiring Sizes 

There are several issues related to wire sizes and wire types. 

Although the National Electrical Code may be used to determine the 

correct wire for any application, the guidance provided by this source 

relates the wire to a minimum set of standards to obtain a safe wiring 

configuration. PV-T systems, however, present design objectives beyond 

the scope of the National Electrical Code handbook. 

a. Current Capacities 

Current carryi ng capac i ties of wi res may be rated severa 1 

different ways. Some wire manufacturers give this rating as the current 

which may flow into a conductor just prior to melting the conductor. 

This obviously does not provide good design guidance, since no one except 

fuse designers wants the current carrying conductors to melt. Most 

reasonable ampacity tables give a current for each size conductor as a 

function of an incremental temperature rise (usually lOoe) in the 

conductor. This number will be different for different types of 

materials used, and ambient conditions. It is worth noting that the 

ampacity must be derated as air temperature increases, and as the number 

of conductors in a conduit or cable tray increases. 

• b. Types of Conductors 

• 

The most common ly used conductors are a 1 umi num or copper. 

Wires of all common sizes (AWG) may be found in both aluminum and copper 

types. The two major differences between them are wei ght and cost. 

Additionally, the conductivity will be different for the two materials. 

Other types of wiring available but not commonly used, are si lver or 

silver-plated, and gold-plated wires . 
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c. Voltage Ratings 
In PV-T systems one must ensure that the correct voltage 

rating of the conductors is used. This entails calculating the highest 
potent i a 1 that wi 11 exi st between any two conductors, and between any 

single conductor and earth ground. The voltage rating required may 

differ throughout parts of the system, thus, different types of wire may 

be specified for these parts. Occasionally, it is more cost effective to 

use the same (highest) rated wiring for all portions of the PV-T system 
design for logistics and availability reasons. 

d. Insulation 
The insulation material and thickness for electrical 

conductors are many and varied. Examples of the types of materials used 

for insulation are rubber, thermoplastic, cotton and asbestos. The type 
of insulation specified affects the voltage rating of the wires, but 

primarily determines the environmental conditions for which the wire may 

be used. Temperature and humidity are prime concerns in the design and 

specification of insulating materials. Some insulation is oil resistant 

and flame retardant. 

The th i ckness of the i nsu 1 at i on wi 11 also determi ne 

vo ltage breakdown characteri st i cs, since the ab il i ty to draw an e 1 ec

trical arc is directly related to the distance between the two conduc

tors. In some cases, the insulation thickness may also affect 

workabil ity of the cab 1 i ng in terms of mi nimum bend rad i us and fl ex i

bility, and the ability to draw the cable through conduit. Additionally, 

the insulation thickness will provide a degree of protection to the 
conductor in areas where cabling will be walked on. 

e. Temperature 
All wires must be derated for temperature increases. This 

derating means that as the temperature rises, the ampacity of the 
conductor decreases. To properly determine a wire size based on current 

carrying capacity, one must estimate the maximum temperature of the air 

surrounding the conductor. This could be the ambient air condition, or 

it may be higher or lower than the ambient condition. Certainly, in 
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conduits carrying multiple conductors, the air surrounding each wire may 

increase due to the other wi res if they carry appreci ab 1 e current. Some 

self heating of current carrying conductors exists as currents approach 

the ampacity rating of these conductors. Most tables of ampacities 

provide a correction factor for derating of the current carrying cap

ability of the wires as a fUnction of temperature. 

f. DC Resistance 

The nomi na 1 DC res i stance of different wi re sizes must be 

taken into account for PV-T system wiring designs. There are many 

references which give this resistance and usually this is stated as ohms 

per 1000-ft. Many designs may require that the wiring specifications 

limit the power loss in the DC section of the wiring to as low as 1 or 2 

percent of the tota 1 power from the array. Knowi ng the current comi ng 

from the array, this power loss in the wiring can be calculated by multi

plying the square of the current times the DC resistance of the type wire 

per 1000-ft., times the length of wire used. In most cases, when 

designing for a low DC power loss, the wire size will be larger than that 

required by the National Electrical Code. Also, running several wires in 

parallel is a technique which is often used to reduce the overall resis

tance of a long run of cabling. 

There are also resistances in the DC side of the array 

which are not associated exclusively with the wiring. These include the 

contact resistance of connectors and switches, voltage drops across fuses 

due to fuse resistance, and other miscellaneous parasitic losses. When 

the DC power loss is of prime importance in a system design, all of these 

paras i tic los ses must be taken into account. For switch contacts, con

nectors, and terminal lugs, typical values of 1 to 10 milliohms per 

connection can be used as an estimate. More detailed calculations can be 

performed where specifications are available from the manufacturers. In 

the case of fuses, the internal DC resistance of the fuse is a function 

of the material it is made out of, and the time in which it will react to 

an over-current. Some manufacturers wi 11 specify th is, but in other 

cases it will have to be calculated. 
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g. AC Wiring Losses 
The DC resistance of the wire can also be used to 

calculate losses in the AC sides of circuits; however, this must be done 
with the RMS value of the AC voltages and currents for that part of the 
system. Also, special considerations may be used in cases for reactive 
loads. Normally. reactive loads require derating of the conductors at 
high current levels. 

7. Safety Grounding 
There are two major reasons why a PV system should be grounded. 

The first is safety and the second is noise suppression. In grounding 
the metal framework of the modules and chassis of the enclosures housing 
electron i c gear, the voltage potent i ali s guaranteed to be zero vo 1 ts 
with respect to earth ground. This eliminates any electrical shock 
hazard to the operators and maintenance personnel. Grounding also 
provides a certain degree of noise suppression for highly sensitive 
circuits. It not only eliminates stray electrical fields from producing 
trans i ent voltages in cab 1 i ng and components in systems, but it also 
eliminates or helps suppress radiation from portions of the systems which 
may be generating EMI. 

a. Components Which are Grounded 
Generally there are many components in a PV-T system which 

need to be grounded. These include the PV module frames, all mechanical 
components, the inverter chass is J-Boxes, any rna i ntenance pane 1 s, and 
service disconnect switch chassis. Additionally, all conduits and metal 
cable trays should be mechanically and electrically connected to earth 
ground. The method of grounding these components in the system can vary, 
and must be associated with the counterpoise or lightning system design. 
In the case of the PV module frames, grounding this metallic surface 
prevents electrical shock hazard when replacing modules. Mechanical 
components and the inverter chassis need to be grounded for the same 
reason. The J-Boxes, maintenance panels, and conduit or cable trays, are 
grounded not only to prevent shock but to form an electromagnetic shield 
around the components inside of the enclosures. This decreases unwanted 
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induced voltage and current transients in the wiring and in the 

components in the boxes. 

b. Voltage Isolation 

Even though the PV array framework is grounded, there is 

no e 1 ectri ca 1 contact between the plus or mi nus side of the PV modu 1 es 

and the metallic framework. This allows the system to be designed so the 

PV array can be floated with respect to earth ground. Hence, when the PV 

array voltage is not connected to the inverter, there is no current path 

between positive or negative node of the PV modules and earth ground. 

Therefore, operators replacing or installing modules cannot be subjected 

to electrical shock by touching either side of the array power and the 

framework on the modu 1 e. Another techni que is a 1 so u sed to reduce the 

voltage potential of the array to zero. This technique is designed into 

most input stages of inverters and allows the shorting contacts to reduce 

the field potential to zero volts. Depending on the system grounding 

configuration, either the positive or negative side of the array may be 

earth grounded at the inverter so a current path does exist between earth 

ground and one side of the array when it is started. Th is is not the 

usual configuration of the system for maintenance purposes, and the array 

is normally shorted only when a ground fault detection occurs. There 

must be isolation between the grounding system of the PV-T system and the 

1 ightning protection system design. Although both systems are earth 

grounded at one point or possibly at several pOints, the impedance to 

earth potent i a 1 at the 1 i ghtni ng counterpoi se system must be much 1 ess 

than that through the normal framework grounding. This is accompl ished 

by using smaller conductors in the framework grounding system than the 

conductor size which is used for the counterpoise design. 

8. Control Strategy 

The control strategy discussed in this portion of the report 

will deal with the photovoltaic array and inverter electronics of the 

system. Additional sections on control, dealing with the thermal aspects 

of the PV-T system, are found in another section • 
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a. Manual 
The control system of most PV systems is associated with 

the inverter. This consolidates all the operational and control features 
in one room and allows easy access for shut-down of the system. On the 
front panel of most inverters is a main on and off switch which turns the 
power conditioning unit on and off. Once in the on position, however, 
automatic control is accomplished by the inverter's internal electronics. 
Several inverter designs may also have manual controls in addition to the 
shut-down switch. Thi sis a common confi gurat i on when an inverter is 
designed to operate in more than one mode. An example of this would be a 
control switch on the front panel to select either uti 1 ity tie or stand 
alone operation. Additionally, phase-locking the inverter to the utility 

in a stand alone mode may require another manual switch on the front of 
the unit. Monitoring all DC and AC electrical parameters is usually 
accomplished on the front of the inverter. This normally includes the DC 
voltage, current, power, and sometimes energy from the array, besides the 
AC output voltage, power and sometimes frequency, to the utility or local 

load. 
b. Automatic Control 

Present inverters have several automatic control features 
buil t into them. These contra 1 features are compri sed of safety and 

automatic start-up and shut-down features. Among the safety features are 
ground fault sensing, utility line voltage and frequency sensing, and 

over-temperature sensing for the inverter itself. Ground fault sensing 
is provi ded at the DC input and the AC output of the inverter. AC 
voltage and frequency sensing is done at the utility tie output of the 
inverter. The temperature sens i ng is accompli shed i nterna lly by the 

inverter's electronics. In the case of effective ground fault currents, 
both the AC and DC side of the inverter are disconnected from the array 

and the ut i 1 ity. For over-vo ltages or over-currents, or an error in 
frequency on the AC output of the inverter, the AC side is disconnected. 
And for an over-temperature condition in the inverter electronics, a 

complete shut-down occurs which isolates the inverter from both sides 
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(input and output). Also, in the case of ground fault currents, when the 
PV array is disconnected from the input side of the inverter, a shorting 
contact is used to reduce the field potential to zero volts. This 
feature, however, is not normally implemented in power conversion units 
of over 300 kilowatts because it is impractical to design the input 
contacts to these high voltage and current levels. 

The automatic start-up and shut-down features of power 
processing units allow the inverter to stay in an idle state and consume 
a minimum amount of power until the array voltages and currents are suf
ficiently high for the inverter to turn on and begin processing the DC 
voltage into J.n AC voltage. The signals that are normally monitored in 
order to do this are PV array voltage, PV array current, and as 
additional features, PV array power, and energy are also monitored. 

c. Computer Control 
Many of today's systems allow easy interface with computer 

systems • This enables the end user to not only monitor and display 
certain system parameters, but in some instances, may give remote control 
of the system operation to the operator. One specific example of this is 
the emergency shut-down control that may be remote ly act i vated from a 
termi na 1 in another bu i 1 ding. Also, for emergency shut-down capabil i ty, 
sometimes several switches are wired in an "or" fashion to allow the 
shut-down of the power processing unit from remote locations within the 
building itself. 

9. Instrumentation Systems--General 
Many PV and PV-T systems today are installed in conjunction 

with data systems. Several different systems are available. This 
section will identify general considerations necessary for choosing an 
instrumentation system. 

a. Input Data 

Since the majority of instrumentation systems deal with 
the collection of data from the PV array inverter and other components in 
the system, one of the most important considerations for selecting an 
instrumentation system concerns the input channels. To specify them 
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correctly. one must know the total number of channels to be used and the 
pecularities of the data which will be present on each channel. Many 
times, the data input to the instrumentation system is in the form of an 
analog voltage. In specifying analog voltage input channels, one must 
take into account both the accuracy and the resolution of the device used 
for obtaining these readings. For example, some analog outputs from the 
inverters are zero to 10 volt s DC for a fu 11 scale read i ng. What th is 
may mean for a DC current measurement on the array side of the inverter 
is that zero volts may represent 100 amperes, and 10 volts may represent 
300 amperes. Different scaling is used and must be specified for, or by, 
the inverter manufacturer. Another type of data channe 1 mi ght be a 
temperature measurement for an RTD or thermi ster emp loyed to obtain the 
temperature of various components in the system. These are usually low 
level signals in the range of zero to one volt. The accuracy and resolu
tion of the measuring device (normally a DC volt meter) must be known in 
order to obtain an overall system measurement accuracy figure. 

b. Output Data 
Any instrumentation system acqulrlng data from the PV-T 

system must provide some means of outputting this data to the end user. 
This can be done on mag tape, disk, or in the form of printed material on 
electrostatic, thermal, or impact printers. The number of output devices 
and the types of output formatting required must be considered to specify 
these portions of the instrumentation system. 

c. ~tem Control 
In a number of systems it may be advantageous to have 

control features built into the instrumentation system. This is often 
implemented in the form of analog output voltages or contact closures 
that wi 11, in effect, reconfigure the electrical portions of the PV-T 
system from computer control. This may be done automatically in the 
software, or as a keyboard entry by the operator. 

d. Transducers 
There are a variety of measurements which normally need to 

be made in the instrumentation system. These measurements are associated 

III-40 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

THE BOM CORPORATION 

with the input data channels, and for analog signals the source of these 

measurements is often vo ltage and current transducers. Add it i ona 11 y, 

output voltages and currents from pyranometers, frequency transducers, 

and miscellaneous other signals may be required. When specifying the 

transducers that actually measure the voltage, current, temperature, and 

weather conditions etc., the full scale output voltage and source 

impedance must be known • Furthermore, the abso 1 ute accuracy of these 

transducers needs to be specified. In some cases, special signal condi

t i oni ng and sca 1 i ng of the transducer outputs may be requ i red to ensure 

compatibility between the signal source and the data acquisition input 

cards or channels. 

e. Display/Plotting 

More often than not, after the data has been acqu i red by 

the instrumentation system it needs to be analyzed and further reduced. 

Thi s creates a requ i rement for plots, graphs, permanent records, and 

reports also to be supp 1 i ed by the i nstrumentat i on system. There are 

several general purpose RS 232 printers and plotters available for most 

instrumentation systems. In addition, specific systems such as the 

Hewlett Packard HPIB bus may be used. The equipment compatible with this 

bus architecture may be used to provide these permanent records. 

f. Diagnostic Capability 

In addition to using the instrumentation system for 

various data points in the system, it is also a useful tool to help 

isolate problem areas or component failures. Depending on how the soft

ware is implemented, many facts can be obtained from the instrumentation 

system to help troubleshoot and repair elements of the system. 

g. Software 

A major issue in the des i gn and imp 1 ementat i on of the 

instrumentation system is the software. This is critical due to the 

resources requ i red to deve lop the software, and is a 1 so important from 

the operator's standpoint. The interactive capability of the operator to 

use the automated control portion of the instrumentation system cannot be 

overstressed. Dc cas i ona II y, canned software packages may be purchased 
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from the manufacturer of the instrumentation system, however, more often 
than not, the end user will modi fy these programs or add to th is bas i c 
software package. Therefore, when the end user of the system deve lops 
new software, it is important to remember that additions should be 
flexible and modular for easy integration into the canned software 
packages. The documentation of the new software also needs to be 
specified. 

B. DESIGN CRITERIA 

1. Inverters 
The section on identification of technical issues described 

several parameters which must be known or calculated in order to specify 
the correct inverter for any PV-T system. Among these parameters are the 
basic size, signal quality, input protection circuitry, conversion 
efficiency, shut-down features, environmental operating ranges, tare 
power, output signal power factor, and the use of single or multiple 
inverters. Obviously, one cannot choose the correct inverter for a 
system design without knowing its input and output characteristics. This 
entails sizing the array and calculating its upper and lower voltage and 
current limits. In order to select an inverter, assuming that the 
selection process is being done for a single inverter design, the primary 
considerations in the trade study will show that the size of the inverter 
is directly related to its cost. This assumes that all of the miscel
laneous parameters which need to be measured by the data acquisition 
system (if implemented) are avai lable from the manufacturers. Other 
considerations such as size and weight may drive the final inverter 
selection, but in most cases, the cost and inverter size will be the main 
trade-off parameters. Figure 111-4 indicates the relative costs of 
inverters as a funct i on of the irs i ze. For a ll-pract i ca 1 purposes, the 
size of the inverter is given in terms of its AC output power rating 
(i.e. 10KW, 20 KW, etc.). 
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Certa in aspects of the inverter design wi 11 increase the cost. 

They include the harmonic distortion specification, the number of modes 

of operation for which the inverter is designed, and the conversion 

effiCiency. Also included in this cost is the minimization of tare power 

and the accuracy of the peak power tracker. Most systems requ i re an 

inverter with a peak power tracking subsystem. What this really means is 

that load on the PV array is modulated in order to keep the array output 

power at its maximum operating point. This assumes that the load which 

the inverter is driving (usually the utility grid), is always demanding 

more power than the array can supply. Even if this is not the case, the 

peak power tracking network will move off the peak power point of the 

array to supply only the power required by the load. 

For large PV systems, multiple inverters may be the optimum 

choice. If a tradeoff study must be done to select the optimum group of 

multiple inverters, price and reliability (due to added complexity) are 

primary considerations • 

1000K 

lOOK 

Total 
Cost 

$ 

10K 

IK 

10 100 1000 1000 

INVERTER SIZE (KW) 

BDMI A-82-458-TR-Rl 

Figure 111-4. Inverter Cost Versus Size Based on DECC Pricing 
Informat i on 
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Reliability figures are very hard to obtain from the inverter manufac

turers. Very few i nsta 11 at ions have been in ope rat ion long enough to 

obtain typical mean time between failure (MTBF) and mean time to repairs 

(MTTR) figures. Therefore, some general engineering guidel ines must be 

used. For most electronic systems MTBF and MTTR numbers are inversely 

proportional to the number of components in a system. In fact, they are 

not only inversely proportional, but the function is not 1 inear. That 

is, as the number of components in a system or subsystem increases, the 

frequency of repairs and the average time to complete such repairs is 

usually a "i" type of function. This means that for every additional 

component added, the re 1 Jab i 1 ity is decreased by ~ 2 where X2 is the 

number of components in the system. When making a tradeoff study in a 

system using multiple inverters, the graph shown in figure III-5 will 

indicate that the minimum number of inverters should be selected; this is 

also a function of cost. 

COST 
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400K 

300K 

200K 
2 

REQUIREMENT: 300 KW 

3 4 5 

NUMBER OF UNITS 
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REllABIL lTV 
RELATIVE TO 

1.0 ONE INVERTER 

0.8 

0.6 

0.4 

0.2 

BDM/A-82·458· TR·R 1 

Figure 111-5. Multiple Inverter Cost and Reliability Comparison 
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2. Power Conditioning 
The power conditioning consists of all the AC wiring and 

utility interface components. This includes fuses, safety disconnect 

switches, and in some cases circuit breakers. Additionally, the wire 

size used and the method of routing from the inverter to the utility grid 

connection is of major concern. The use of cable trays or conduit for 

this cabling is often decided by the route the wires must take to get 

from the inverter to the utility tie. If an indoor wiring scheme is 

used, both cable trays and conduit may be specified; however, for 

exterior use only conduit is acceptable. Since most of the wiring sizes 

for the AC as well as the DC wiring in the system will be specified to 

obtain a certain percentage loss in power over that length of wire, this 

wire selection will be dealt with in the DC wiring section of the design 

guidel ines. Therefore, driving factors for the other components on the 

AC side of the circuit indicate safety and reliability versus cost. 

Figure 111-6 shows a rough approximation of the relative costs versus the 

design reliability. 

RELATIVE 
COST 

$ 

RELATIVE RELIABILITY 

(OVER-RATING) 

(BASED ON SQUARE-D COMPONENTS PRICING, 

Sa fety Swi tch 
Vol tage Rating 

Fuse Vol tage 
Rating 

B DM/A-82-458-TR-Rl 

ref. IIl-3) 

Figure 111-6. Power Conditioning Equipment Cost 
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• Since the reliability is proportional to the design conserva

tiveness, specifying voltages and currents in excess of what the system 

will actually use adds to its reliability. According to the National 

Electrical Code all wiring sizes should be rated 25 percent above maximum 

calculated current and voltage ratings measurable in the system. Going 

beyond this point to a more conservative design (50 percent over rating) 

makes for a more reliable system; however, this conservatism also 

increases the cost. In terms of trading off component specifications • 

versus cost, reliability is synonymous with safety. This is true, since 

wires, fuses, and other components in the power conditioning section of 

the wiring will not only prove to be less reliable, but also less safe in 

extreme over-temperature conditions. 

3. Miscellaneous Electrical Components 

There are several electrical components in the miscellaneous 

category. They include junction boxes, terminal strips, test jacks, 

fuses and connectors. Although all of these components are specified in 

the National Electrical Code, they may be difficult or impossible to find 

due to the terminology used in that handbook. A general rule of thumb 

for specifying the voltage and current ratings on these items is to allow 

a design safety factor of at least 25 percent. That is, if a voltage or 

current in some portion of the system is known to be 10.0, multiplying 

this number by 1.25, which gives us 12.50, is an approximation for the 

upper limit of a reliable component design. For example, if the voltage 

potential going through a switch will be 100 volts maximum, the switch 

specified should be capable of carrying 125 volts; the same type of 

analogy is used for current ratings on contactors, switches, fuses, etc. 

Using components approved by Underwriters Laboratory generally ensures a 

conservative number for its voltage and current ratings. Thi sis a 

reliable figure, however, and may be used as a minimum design guideline. 

Over spec ifyi ng components adds cost to the over a 11 des i gn, but inmost 

cases, also increases its reliability and safety factor. A trade study 

for the miscellaneous components mentioned above, will therefore plot 

costs versus reliability. Again, reliability is synonymous with design 
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safety in terms of overstressing components in high voltage systems. The 
relative cost versus rel iabi 1 ity/safety for some of these components is 
shown in figures 111-7 and III-B. 

2.0 

Aluminum 
J-Boxes 

Steel 
tBoxes 

Oil-Ti ght 

Relative 
Cost 

'--Dust/Water 
Resistant 

$ 

1.0 

RELATIVE ENCLOSURE CONSTRUCTION 

QUALITY 

(BASED ON HOFFMAN ENCLOSURE PRICING, ref. 111-3) 
BDM/A-82-458-TR-Rl 

Figure 111-7. Relative Enclosure Construction Quality Versus Cost 

4. Ground Fault Protection 

• In most PV systems, ground fault sensing and subsequently. 
ground fault protection, occurs within the inverter electronics. This is 
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Figure 111-8. Relative Cost of Terminal Versus Current Rating 
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not always the case, however, and in some special circumstances, one may 

have to specify the ground fau lt sensor to be imp 1 emented ina PV-T 

system design. The major factors of a ground fault sensing system are 

sensitivity, accuracy, and noise immunity. In looking at different 

ground fau lt detectors, one will have to trade off these des i gn para-

meters versus cost. Ultimately, all of the design parameters affect 

detector re 1 i abi 1 ity. Ground f au lt detectors for the DC side of the 

electrical system are generally implemented with low ohmic value 

resistors. Off-the-shelf units are scarce and this usually requires that 

the electrical designs of the PV-T system specify how the ground fault 

scheme is to be implemented. The reliability and noise immunity factors 

are, therefore, usually associated with the signal conditioning (amplifi

cation and filtering) of the voltage across this resistor. For AC appli

cations there are many off-the-shelf units available. They are usually 

(but not always) designed to both sense a current in the grounding 

conductor, and to interrupt the source potent i a 1. Thi sis accomp 1 i shed 

by open-circuiting one or both sides of the AC 1 ine. Sensitivities of 

off-the-shelf units range from a few milliamps to hundreds of milliamps. 

and should be sized with an overall understanding of the ground fault 

conditions that may occur. 

As mentioned above, the design features include sensitivity of 

the circuitry, noise immunity, and overall accuracy of the ground fault 

sensing circuit. The noise immunity may playa very important part in 

the ground fault sensor design, especially if it is located near the 

inverter or other electronic components which have a tendency to radiate 

electrical noise. 

5. Safety Switches 

The safety switches in a PV-T system design must be specified 

for voltage, current, and contact type. The voltage and current ratings 

are the same as those used for the AC components of the system. Please 

refer to sect i on 2, Power Cond i t i oni ng, for an exp 1 an at i on of the para

meters of the miscellaneous components which include safety switches. 

Normally, safety switches are designated as the high power switching 
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components in a system. They are used at the input and output of the 
inverter, and may also be used in the array field. The idea of the 
safety switch is to allow the maintenance personnel or system operator to 
disconnect and isolate one component of the system from the rest of the 
system. The re 1 i ab il i ty of such components is cri t i ca 1. The graph in 
figure 111-9 illustrates the reliability traded off as a function of the 
conservativeness of the design of the parameters for the switch. Again. 

• 

these parameters are voltage. current, and contact type. • 

RELATIVE 
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($ ) 
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3.0 REQUIREMENT 

I 
I 

2.0 

1.0 

t 
.8 1.0 
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2.0 

CURRENT 

VOLTAGE 

(BASED ON SQUARE-D PRICING, ref. 111-3) 

BDM/A-82-458-TR-R 1 

Figure 111-9. Safety Switch Reliability Versus Cost 

Reliability is as important as safety when considering switches and other 
miscellaneous electrical components of a PV-T system. The conservative
ness of the design is the voltage rating and current for which the 
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contact or safety disconnect switch is specified. As mentioned 

previously, 25 percent over-design criteria may be used as a rule of 

thumb, although the re 1 i abil ity and safety of these switches is propor

tional to the tendency to over-design these components into the system. 

6. Utility Interface 

Much of the discussion in section 2, Power Conditioning, also 

appl ies to the uti 1 ity interface considerations. Components not discus

sed in section 2 include the power and energy monitoring devices. They 

consist of kilowatt and kilowatt-hour meters that may be placed in 

various positions of the AC electrical design. 

Assuming that the power meters or energy meters are specified 

to fit electrically into the design, the main tradeoff in choosing these 

instruments is a play against cost versus accuracy. Often, it is not 

important that the accuracy of the energy or power meter be known to 

within 5 or 10 percent. Naturally, this results in an inexpensive meter 

specification for the PV-T system design. Nonetheless, in some cases a 

less than 5 percent metering accuracy is desirable, and this will drive 

the cost up. 

7. Wiring Sizes 

Several factors must be known in order to specify the wiring in 

a system. This section deals with the DC wiring only. The following 

graphs assume that the minimum current rating of the wire is specified 

per the National Electrical Code. The first graph (figure 1II-10) 

relates the wire size versus cost for copper and aluminum wire. The 

characteri st i cs of copper and a 1 umi num wi re shou 1 d be understood before 

they are specified in a system design. The characteristics which should 

be known are conductivity. temperature coefficient, resistance per 

thousand feet, and compatibility with fuse box connectors and terminal 

strips to which the wires will be attached. 

The plot in figure III-l1 shows various types of cables and 

relates their cost impact as a function of their insulation. The type of 

insulation used wi 11 be specified depending on environmental parameters, 

including temperature rating and corrosive atmospheres (salt spray) • 
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Figure 111-10. Wire Size Versus Cost of Copper and Aluminum Wire 
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Figure 111-11. Cable Size Versus Cost for Various Insulation Types 
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Some insulators can be used in external applications, while others are 

considerably more cost effective for indoor use. 

Figure III-12 depicts the resistance of a typical copper 

conductor as a function of temperature for conductivities in the range of 

90 to 100 percent of oxygen-free copper. Res i stance of copper can be 

calculated using the equation below the plot. 

8. Safety Grounding 

The grounding system in all PV or PV-T systems consist of wires 

which are used to ground the metallic framework of the PV modules and 

other metallic chassis. These other chassis include J-Boxes, maintenance 

enclosure boxes, and the rack which comprises the inverter chassis. All 

design considerations pertaining to grounding the frames and chassi,s are 

particular to the wire sizes used to ground these units. Refer to 

section 7 on wire sizes, but keep in mind that the trade-off summaries 

for these wires are the same. In the National Electrical Code Handbook, 

grounding wire size is specified to be that size equal to the maximum 

current conductor in the system. 

9. Array Wiring Configuration 

Refer to section 7 for the different parameters which must be 

specified. For wiring size, insulation, and type of conducLrs, one 

other trade-off that must be accounted for in the wiring that does not 

have to do with the wiring size, is the terminal voltages and current 

produced by the array. There are practical upper limits for these 

voltages and currents. However, most systems are configured to meet the 

input specifications of a given inverter. Once this is known, trade-offs 

can be made to optimize the array wiring configuration. For example, if 

the nomi na 1 output vo ltage of the array is spec if i ed to be 200 to 250 

volts in order to match the inverter input specifications, then several 

configurations of the wiring may be used. The individual module voltages 

and currents are needed to optimize this array configuration. Keeping in 

mind that series wired modules add voltage, and parallel wired modules 

add currents, several configurations of parallel and series combination 

wiring may be tried within a voltage operating range. The optimum wiring 
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Figure III-12. Resistance of a Typical Copper Wire Versus Temperature 
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configuration must therefore be determined as a function of cost, due to 
the fact that the amount of wire used effects the cost of the configura
tion. This is partly a function of the actual cost of the wire but is 
also due to the labor cost of installation. In some Cases simple wiring 
configurations may be specified which reduce or nearly eliminate 
connect ions except for those requ i red at each modu 1 e interface. Thi s 
will have a great impact on the overall cost of the wiring. In figure 
I II-13 the re 1 at i ve cost versus number of interconnects for an array 
wiring harness/configuration is presented for various sizes of 
conductors. 

10. Diodes 
The two types of diodes discussed in the issues section are the 

blocking diodes and the bypass diodes. Each performs separate functional 
operations within the array wiring, however, they both have the same 
internal characteristics. Specifying these two diodes will ultimately 
effect the reliability and the energy output of the PV array. Since the 
diode design in and of itself is not a safety feature, the number of 
diodes will have great impact on the cost and the power loss in the DC 
side of the system. Figures III-14, 15, and 16 show the relationship 
between the cost, power loss, and number of diodes. 

Cost is proportional to the number of diodes installed in a 
system and the diode rating. The power loss, however, is a function only 
of the blocking diodes, since the bypass diodes are normally in the 
reverse bias region. Careful consideration must be taken to ensure the 
correct number of blocking diodes in any given wiring scheme. 

11. Control Strategy 
As mentioned in section A, there are several types of controls. 

Some are manual, some computer assisted, and some totally under computer 
contro 1 . The types and number of cont ro 1 s that are imp 1 emented ina 
system have great bearing on system safety and personnel safety. In 
general, the more control features implemented, the safer and more costly 
the system becomes. 
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12. Operating Modes 
The operat i ng modes discussed insect i on A of th is report may 

not always be applicable to PV-T systems. In general, most systems will 

operate tied to the utility grid. This is known as the synchronous mode 

of operation. However, if stand-alone or combinations of stand-alone and 

synchronous modes are desired in the system design, the cost is greatly 

influenced. This is proportional to the number of modes in which the 

inverter is designed to operate. Shown in figure 111-17 is a plot with 
the cost versus the number of modes of operation. 
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Figure 111-17. Inverter Cost Versus Modes of Operation 

13. Data Acquisition Systems 

Data acquisition systems are commonly used in conjunction with 

PV or PV-T systems. Not only do they allow input data to be obtained by 

the operator, but they may also allow some remote control capability over 
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the system. The cost of such systems is directly proportional to the 

complexity and the amount of data required by the user. For example, a 

system requiring 100 data points is much more useful to the operator than 

one requiring 10 data points. However, this makes the data acquisition 

system more complicated and drives up the cost. This is a simple 

relationship between cost and flexibility. The graph in figure III-IS 

relates the data acquisition system cost to the system capability. 

Control features of the data acquisition system are minimal in most 

cases, and do not greatly effect this cost. 

, 
I 

BASED ON HEWLETT·PACKARD (ref. 1II-5) 8.0 I 
I & BURR·BROWN PRICES (ref. I II -6) 
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Figure III-IS. Data Acquisition System Capability Versus Cost 

Data acqu i sit i on systems are common in PV and PV-T systems 

today. A basic data acquisition cost exists which includes power supply 

and the processing components of the unit. Occasionally, this also 

inc 1 udes the cost of a mass storage devi ce or pri nter /p 1 otter. 
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Additional channels add very little to this cost; therefore, to obtain 
the maximum amount of data, dozens of channels may be added once the main 
system is installed. The cost of additional channels is minimal, and 

should be taken into account when designing the system. One hidden cost 
of additional channels, however, is the development time and implemen

tation of the software to manipulate the incoming data • 

C. DESIGN GUIDANCE 

All designs begin with an evaluation of the application require

ments. The highest efficiency system is of little use if it does not 

satisfy the needs of the user. Thus, the prime concern is the load con

figuration and requirements. Next, constraints on the array sizing must 

be cons i dered to determi ne if and how an array can be constructed to 

serve the load. Fi na lly, other criteri a or constraints are cons i dered 

(such as safety and maintainability) which are essential to the system 

operation, but take the form of embellishments to the basic design (such 
as switches and fuses). The final design is a judicious selection and 

interconnection of hardware according to design specifications which 

satisfy all system requirements. 

1. System Design Criteria 

a. Load Requirements and Sizing Constraints 

The basic system design considers the load requirements 

first, then constructs a system within the sizing co~straints to satisfy 

this load. The four load characteristics which must be considered are: 

(1) Mode of operation (stand-alone, utility-interface, UPS) 

(2) Type of power (DC, AC-single phase, AC-three phase) 
(3) Voltage level 
(4) Power level 

The load requirements are determined from the application 

(remote or utility-available; small power, residential, commercial, 

industrial or CPS). For this PV-T effort, only utility-interactive com

mercial and industrial applications are considered. Therefore, the first 
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three load characteristics are known. The PV system must produce 277/480 

VAC, 3-0, utility-compatible power. The power level, however, may vary 

from tens to hundreds of kilowatts and may represent the full load demand 

of the application, part of it, or only the peak loading (load shaving). 

The power level of the PV system must take into account system sizing 

constraints. These limitations include allowable cost, available area, 

shadi ng patterns, and strength of structura 1 surf ace. These wi 11 often 

determine the type of system (flat plate or concentrator) and the maximum 

power whi ch the array can supp 1 y. They may a 1 so determi ne the size of 

the inverter. 

If the allowable cost and available area permit satisfying 

most or all of the specified load (full load or peak), the design begins 

by specifyi ng an inverter with suff i ci ent AC output to sat i sfy the load 

demand. Then, the array is sized to satisfy the input requirements of 

the inverter. 

If the array can only satisfy part of the specified load, 

the design begins by specifying the largest array possible within size 

and cost constraints, then the inverter is sized to handle the maximum 

array power. I n each case, the vo ltage 1 eve 1 and type of power are 

dictated by the load (for example, 227/480 VAC, 30). 

The array voltage must be compatible with DC input 

requirements for the inverter. Usually, the input voltage range of off

the-shelf inverters is specified by the manufacturer. This often repre

sents the range over which the inverter will accomplish peak power 

tracking. If the array peak power voltage is outside this range, the 

inverter wi 11 operate at its 1 imit va 1 ue, and extract 1 ess than peak 

power. Thi s range can often be shifted up or down in the factory by 

perhaps 30 percent, but cannot be significantly spread. Thus, the number 

of modu 1 es of a specifi c vo ltage connected in seri es must be carefu lly 

determi ned to ensure thi s vo ltage range is not exceeded by temperature 

extremes expected at the application site. 

The inverter must also be sized to handle the maximum 

power that the array will produce. Some inverters are designed to shut 
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down or to 1 imit the current when the input power exceeds its nominal 

rated power by more than 10 to 20 percent. However, it is preferable not 

to force the inverter into th is mode. Since the array output cou 1 d 
exceed its nominal rated power by 15 to 25 percent on a clear, cold day, 
the inverter should be sized to exceed the array rated power by about 10 

percent. 
These considerations may be mitigated somewhat by the 

weather conditions in a particular location; for example, a humid climate 

with low seasonal variations in temperature. 

b. Safety 

For the electrical portions of an industrial or commercial 

PV-T system, safety matters can be subdivided into two distinct cate

gori es: 1) personne 1 safety and 2) system safety. For the purposes of 

this section of the design guidance, personnel safety is defined as the 

safety factors in the design that present harmful potentials (electric) 

to the installation, maintenance, and operational personnel. System 

safety takes into account potential electrical hazards to the equipment 
used in implementing the design. 

1) Personnel Safety 
There are many factors related to providing personnel 

safety. Design features and operational procedures must be specified to 

minimize the possibility of exposure to harmful and even fatal electrical 

vo ltages and currents. The best reference ava il ab 1 e for des i gn purposes 

is the National Electrical Safety Code. This is separate from the NEC 

handbook, although both codes deal with grounding of equipment, etc., to 

prevent shock hazards to personnel. It is also a good reference for 

general design use for equipment safety procedures. 

a) PV Cell Installation 

One of the potential hazards for electrical 

shock to personnel occurs during the installation of the PV cells them

selves. When groups of cells are placed in series, high voltages will be 

present un 1 ess precaut ions are taken to ensure otherwi se. Two methods 

used to eliminate this voltage potential are: 1) covering the PV source 
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during installation, and 2) short-circuiting the PV source. The latter 
shou 1 d not be used un 1 ess recommended by the ce 11 manufacturer. Add i
tionally, the cell strings should be wired to "float" from earth 
potential, so no current path may be established between either PV 

electrode and ground. This is illustrated in figure 111-19. 

+ 

PV 
MODULE 

OR 
ARRAY 

-

..... 

POWER 
PROCESSING 

POINT 
(INVERTER) 

- '-

BDM/A-82-458-TR-R1 

Figure 111-19. PV Array Electrical Isolation 

The negative side of the PV array conductor must 
be isolated from ground during assembly and installation of the cells. 
This ability to disconnect the array from earth potential is a good 

practice in system design as it allows cleaning and cell maintenance with 
no potential shock hazard to personnel. 

If the PV array is electrically isolated as 

shown above, the only electrical shock hazard that exists is between the 
positive and negative conductors of the array. Normally, these are an 

appreciable physical distance apart; therefore, a current path is not 
easily established between these points. 
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b) Electrical Equipment 
Some aspects of the design concern grounding and 

safety interlock controls of electrical equipment. All chassis housing 
such equipment must be grounded by code; however, additional safety 

inter locks may be added by the des i gner. An interlock is essent i ally a 
switch which removes all high voltage from the components in an enclosure 

when the door to the enclosure is opened. For installation, as well as 

for maintenance, safety interlocks should be designed into the high 

vo 1 tage swi tchgear enc 1 osures of the system. The bas i c concept of an 

interlock is depicted in figure III-20. 

PV 
ARRAY 

+ MAINTENANCE! 
TEST 
ENCLOSURE 

ENCLOSURL 
INTERLOCK 
SWITCH 

BDMIA·82·458· TR·Rl 

Figure 111-20. Safety Interlock Concept 

The swi tch breaks the supp ly voltage to a DC 

contactor coil that provides the PV array voltage to the maintenance/test 
enclosure. As soon as the enclosure door is opened, the source of high 
voltage in the enclosure is disconnected. This allows component replace

ment or maintenance with no electrical shock hazard in the enclosure. 

c) Warning Labels 

Labels should identify any point in the system 
where high voltage potentials may exist. This is common practice for AC 
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service disconnect boxes. This practice should be incorporated into the 

high voltage DC portions of the system as well. 

d) Procedures 

Inherent in all assembly. installation, opera

tion, and maintenance procedures, there should be warnings for the 

per sonne 1 requ i red to perform these functions. Color-coded wi ri ng and 

labels that reference the wiring to the design drawings help el iminate 

any possible confusion as to where in the system a high voltage potential 

may exist. 

2) System Safety 

Most system safety des i gn cons i derat ions address the 

fault current capabilities of the power switchgear components, the 

utility interface components, and the circuit breakers and fuses designed 

into the system. In most cases, the normal trip currents for the circuit 

breakers and fuses are rated at 25 percent over the maximum current that 

will occur at various points in the system. This does not completely 

satisfy system safety requirements, however, due to a fault condition 

prior to the clearing time of the circuit breakers and fuses. For this 

period of time the interrupting capacity of these components must with

stand the peak short-ci rcu it current of the system fau lt source. Thi s 

must be calculated for each portion of the system in order to avoid 

me lt i ng conductors and switchgear components. For examp 1 e, if a short

circuit between one of the AC (3 conductors and ground occurs at the 

output of the inverter, as shown in figure III-21, the switch and circuit 

breaker must be able to withstand the maximum short-circuit current 

available from the utility-connected transformer. This interrupting 

fault current must be calculated, and the circuit breaker rating sized to 

thi s number. Since the wi ri ng is a small impedance in th i s ci rcu it, the 

transformer short-circuit current may be used to determine the'interrupt 

ampacity at the fault location. Based on the transformer design, this 

current may easily exceed 10,000 amperes in a 500kW, 480, 3(3 system, 

therefore, individual transformer ratings should be used. 
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Figure 111-21. Short Circuit Failure 

The concept of fault-current ratings for the DC power 

source (PV array) is much simpler, since the array is a relatively "soft" 

source of power (i.e. not much difference at short-circuit). Typically, 

the short-circuit current available from the array is about 10 percent 

above its normal operating current. 

c. Maintainability 

1) Instrumentation 

In most cases, the extent to which instrumentation is 

used in a PV-T system is limited to the data acquisition portion of the 
system. The components of the data acqu is i t i on system, therefore, must 

be designed for ease of maintenance, as well as for expandability, if the 

acquisition of additional data channels is desired. As far as the design 

is concerned, rna i nta i nab i 1 ity of the components is primarily associ ated 

with the choice of components used, and the maintainability of the soft

ware if a computerized system is implemented. 

a) Choice of Components 

Normally it is desirable to use "off-the-shelf" 

equ i pment whenever poss i b 1 e. This will eliminate the need for user-

generated documentation and allows the PV-T system owner field service 
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support from the manufacturers and vendors of the equipment. Equipment 

down-t ime can be mi nima 1 if the manufacturer I s wi ri ng and envi ronmenta 1 

recommendations are strictly adhered to. This is especially true of line 

filtering specifications, and temperature and dust specifications for 

computerized systems employing magnetic types of data storage (tape, 

disc. etc.). 

b) Software 

One aspect of the data acqu is it i on system wh i ch 

requ ires extens i ve documentat i on and ma i ntenance is the software. Th is 

usually begins as a well-thought-out piece of code which is expanded, and 

increases ins i ze and comp 1 ex i ty as add i tiona 1 requ i rements are 

discovered. Also, due to the overall flexibility of a computerized 

system, changes tend to be made rapidly, and are easy to overlook when 

documenting the software. 

c) Other Instrumentation 

Aside from the data acquisition components, the 

transducers, amplifiers and wiring can, in a sense, be termed instrumen

tation. These components rarely fai 1; however, some calibration adjust

ments may be incorporated into these items. Manufacturer I s recommended 

calibration cycles should be adhered to. 

2) Control 

The control port ions of a PV-T power system inc 1 ude 

the fluid flow transducers, heat monitoring and bypass valve operations. 

inverter control electronics, and utility interface control circuits. In 

all of these components, switching of various voltages and currents is 

accompl i shed either manually or automatically. The automatic mode of 

contra 1 is often tied into the data acqu is i t ion equ i pment if output 

signals or relays are implemented as part of this computer system. 

Automatic timers may also be used for time-of-day operated devices; 

however, this method is not as reliable or as flexible in terms of 

overall system configuration and operation. The maintainabi 1 ity of the 

components of the contra 1 system requ i re that standard i ndu stry proven 

parts be employed. They should be located for ease of replacement by the 
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system operation and maintenance per sonne 1. The overa 11 tendency to 

design in a part with 1.5 to 2.0 times the ratings and life cycle 
required is a good one, since any failure in the control portion of the 
system can lead to major repair expenses. A simple example of a control 

which may be used is the sensing of the AC switchgear by the data acqui-
sition system to detect operational faults. 

feedback signal is given in figure 111-22. 

The schemat i c for such a 

MAIN 
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POWER 
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OR CONTROLLER 
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~~~ UTILITY 

AUXILIARY 
CONTACTS 

~ TO SWITCHGEAR 
CONTROL 

B DM/ A-82-458-TR-R 1 

Figure 111-22. AC Switchgear Sensing Circuit 

In this configuration, if the main power switch does 
not operate when required, the controller or the DAS will supply an error 

condition to the operator for maintenance action to be taken. 

3) Re 1 i abil ity 

The reliability of the components used in a PV-T 
power system may, for the most part, be obtained from thei r respect i ve 

manufacturers. These figures usually take the form of mean time between 

failure (MTBF) or mean time to fail (MTTF). Additionally, the design and 

implementation of these components in the system affect the MTBF and MTTF 

va 1 ues, since these numbers are usua lly presented in thousands of hours 

of use, at rated conditions which may not be the same conditions for the 

parts when used in a PV-T system. The following design example was 
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performed to determine the MTBF of a silicon blocking diode for use in a 
PV system to ensure an MTBF of 12,000 hours minimum. Note that the 
critical parameter is the junction temperature for the diode selection 
and circuit implementation. The thermal circuit for this example is 
shown in figure 111-23. 

The acceleration factor (unitless) is given by: 

AF = EXP [Ea (-1 _ -1) ] 
K T1 T2 

with Ea activation energy (eV) 

range is -.7 to 1.3 eV 
(1.0 eV used in place of more accurate data) 

K = B.6 x 10-5 eV/oK (Boltzmann's Constant) 

T1 = Initial temperature = 75°C 
T2 Temperature of interest 

(Eq. 111-3) 

The failure rate in percent failure per 1000 hours is 
given by: 

FR = FRT X AF 
1 

(Eq. III-4) 

with FRT = 0.06B%/Khr (ref III-B) and the MTTF in hours given by: 
1 

(III-5) 
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Figure 11I-23. Thermal Circuit for Example MTTF Calculation 
at Elevated Temperature 
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From figure 1II-24 or table III-5, the junction temperature must be less 

than 135°C if the MTTF is to be greater than 12,000 hours. 

The difference between the junct i on temperature and 

ambient is given by: 

/).T = RQ (Eq. 1II-6) 

where Q is the power generated in the diode and R is the thermal resist

ance between the diode and ambient. Assuming an ambient temperature of 

50°C, and a junction temperature of 135°C, the required resistance ReBA 

can be determined from: 

/).T = 8sDc = 45 [0.6sDc/w + O.l
o

C/W + ReBA] (Eq. III-7) 

• 

• 

Thus, ReBA ~ 1.140 C/W for the junction temperature to be less than 1350 C. 

The res i stance is ca 1 cu 1 ated as shown in. 

figure 111-25, using emissivity values in table 111-6. Since the calcu-

1 ated res i stance is 1 ess than the requ i red res i stance, the diode wi 11 

survive for over 12,000 hours. 

4) Replacement and Repair 

It is imperative in the design of a PV-T system to 

keep the system modu 1 ar to the greatest extent poss i b 1 e. If thi sis 

accomplished, the repair of system components and down-time will be mini-

mized. Modularity is the key to quick parts replacement. This leaves 

the actual repair work for qualified technicians at the manufacturer's 

service centers. In accordance with this philosophy of maximizing the 

operating time of the system, spare parts should be included during the 

design and procurement phases of the system. A rule of thumb to use for 

spare expendable items is 5 to 10 percent over the calculated 
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TABLE III-5. DIODE RELIABILITY CHARACTERISTICS VERSUS • JUNCTION TEMPERATURE 

ACCELERATION FAILURE MTTF 
T(°K)/(oC) FACTOR RATE (%/Khr) (Khr) 

200/-73.15 1. 75 x 10-11 1.19 x 10-12 8.39 x 1013 

300/26.85 .0046 3.11 x 10-4 3.22 x 105 

325/51.85 .09 6.13 x 10-3 1.63 x 104 • 348.15/75.00 .973 6.62 x 10-2 1510.0 

350/76.85 1.16 7.90 x 10-2 1270.0 

360/86.85 2.92 0.199 503.0 

370/96.85 7.00 0.476 210.0 

380/106.85 16.0 1.09 91.9 

390/116.85 35.1 2.38 41.9 

400/126.85 73.9 5.02 19.9 • 
410/136.85 150.0 10.2 9.80 

500/226.85 24700 1.68 x 103 59.4 x 10-2 

• 

• 
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1 -7 hR = 2.28 x 0 

" " FACTORS: 

<: [TS ; TA + 273 r w/m20C 

A (3 sides) = 0.557 m2 

hC = 3.35 W/m2oC 

GRAY PAINT HR = 7.47 W/m2oC 

PICK n FROM DESIGN HANDBOOK TO BE 0.5 

1 R =-----2 
eBA (2) (0.557m ) (.5) [(3.35 w/m 2 °c + (7.47 w/m 20C)] 

= 0.167oC/W 
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Figure 111-25. Thermal Resistance Calculation for J-Box (Ref. 111-10) 
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• TABLE 111-6. RADIATION PROPERTIES OF MATERIALS* 

PAINT ClS £ /::.( £-ClS) 

(Absorbtivity) (Emmissivity) 

BLACK .79 - .94 .91 - .97 .075 
GRAY .49 - .57 .84 - .91 .345 • WHITE .19 - .33 .95 .690 
WHITE EPOXY .34 .91 - .95 .590 

METAL ClS £ /::.( £-as) 

NICKEL .33 - .45 .21 -0.18 
ALUMINUM .60 .41 -0.19 
SILVER .25 0.10 -0.15 
GOLD .30 .04 - .23 -0.16avg. • 
*Reference 111-11 
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requirement. On electronic equipment. all field-replaceable printed 

circuit cards should be locally stocked. one each per type incorporated 

in the system design. 
2. Data Acquisition Design Guidance 

Data acquisition systems are becoming commonplace on medium to 

1 arge PV and PV-T i nsta 11 at ions. They represent a sma 11 percentage of 
the total system cost, while supplying valuable data concerning system 

performance. This rationale alone should warrant the installation of a 
data acquisition system. Small PV systems might require a cost trade-off 

analysis when the installation of a data acquisition system exceeds 10 to 

20 percent of the total system cost. 
The fo 11 owi ng 1 i st of quest ions he 1 p to deci de whether a data 

acquisition system is needed. 
(1) Is the PV system a test bed for research and development? 
(2) Is the end user interested in maximizing system performance and 

efficiency during operation, thereby requiring automated 

control over the PV system? 
(3) Are records of system performance required? 

(4) Is the design new and unproven? 
(5) Will the cost of the installation be less than 10 percent of 

the total PV-T system cost? 

(6) Are the funds available? 
A yes answer to any of the above questions would certainly 

justify investigation, although there are no hard and fast rules 

governing the decision to install a data acquisition system • 

a. The Data Monitori ng Concept 

This section investigates the application of a data 

acquisition system monitoring a very basic PV power system. This example 

wi 11 aid in the se 1 ect i on of the components necessary to monitor and 

determine the performance of the PV-T system. Various options are avail

able to obtain temperature readings, power readings, and voltage 

readings. By reviewing this application, one can extract the design 
philosophy involving data acquisition systems for solar applications • 
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The block diagram shown in figure 111-26 depicts a PV 
power system, including the solar photovoltaic array and the power 
process i ng system (i nverter) • The inverter converts th is DC power into 
AC power to drive a load and/or the utility grid. This is the electrical 
portion of a typical PV-T system which would be implemented for an indus
trial or commercial environment. This does not include additional 
measurements and controls associated with the thermal portion of the 
system. 

Shown on the block diagram are the various monitoring 
points and the minimum number of sensors required to calculate the system 
efficiency and performance. Starting at the upper left hand corner of 
figure III-26, the sensors are identified as follows: 

PV Array 
SI - Solar insolation (instantaneous) 
TI - Ambient air temperature 
T2 - Cell temperature 

Inverter Input 
VI - DC voltage from array 
PI - DC power from array (instantaneous) 

Inverter Output 
V2 - AC voltage from inverter 
P2 - AC power from inverter (instantaneous) 

AC Load 
P3 - AC power to load (if applicable) 
b. Measuring Solar Energy 

In order to determine the performance of the PV array the 
amount of available energy from the sun must be measured. 

You can accurately measure solar insolation with a device 
ca 11 ed a pyranometer, shown in the upper 1 eft hand corner of 
figure 111-26 as 'SI'. This device converts radiant energy into a 
vo ltage output s imil ar to a PV so 1 ar ce 11, except the pyranometer is 
precisely calibrated in solar constants. One solar constant is the total 
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energy absorbed over a known sensor area. Thi s unit measurement is in 
watts per square meter. The output voltage available from these devices 
usually in the 0 to 20 mV range. 

As an example, typical specifications for a pyronometer 

are given below: 
Flux Range: 

Spectral Range: 
Sensitivity: 
Linearity: 
Repeatability: 
Output Impedance: 
Input Impedance: 
Time Constant: 

View Angle: 

o to 5 Solar Constants (one solar constant 
equals 0.1353 watts/cm2). 
Sensor .2 to 30 microns 
5 mV/Solar Constant 

~ 2 percent of full scale 
~ 0.5 percent of reading 
150 to 300 ohms 
Recommended min. to recorder 200K ohms 
Less than 500 milliseconds to 63 percent of 
step input 
1800 

The pyranometer is usually located some distance away from 
the data acquisition system and will require an amplifier to drive the 

line between the transducer and the input circuit of the data acquisition 
system. Figure 111-27 is a schematic of the pyranometer measurement con
figuration. 

Amp 1 if i ers can be se 1 ected for a 0 to 5 mV input range to 
convert th is vo 1 tage into an accurate 4 to 20 mi 11 i amp current output. 
Adding a precision 250 ohm resistor at the measuring end allows accurate 

measurement of the voltage drop across the res i stor wi th an analog to 
digital input channel of the data acquisition system. The voltage range 
across the resistor will now be 1 to 5 V full scale, 1 volt being zero 
solar insolation, 5 volts being 1.353 kW/m2. The pyranometer's output is 

specified as being linear over this range by ~ 2 percent. 
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4 - 20 MA ANALOG 
INPUT 

0- 5MV 250a ~ CHANNEL 
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Figure III-27. Pyranometer Measurement Schematic 

The amplifier requires a regulated DC voltage source t~at 

is usually available from the data acquisition system. If a DC voltage 
source is not available, a commercial power supply must be used, or one 
can be designed and fabricated. 

d. Voltage and Power Measurements 
Most data acqu is i t i on systems wi 11 not accept input 

voltages over 120 volts. The transducers used to obtain high voltage, 
current, and power data convert these voltages or currents into a more 
reasonab 1 e range for measurement. Transducer output range is usually 0 
to 10 volts or 4 to 20 milliamps. Another advantage derived from using a 
transducer is the isolation gained from the measuring device to the input 
of the data acquisition system. The data acquisition system does not 
load down the measuring device and this isolation ensures the accuracy of 
the reading. 

Severa 1 parameters dictate the select i on of a transducer: 
(1) input voltage or current range, (2) output voltage or current range, 
and (3) accuracy • 
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The input requirements of an amplifier are directly 
related to the type of measurement needed. For example, an AC voltage 
amp 1 ifi er will have an input range of a to 125 vo 1 ts AC. whereas an 
ampl ifier for a pyranometer measuring solar insolation would have an 
input range of a to 5 millivolts or a to 10 millivolts. Sensor manufac
turers usually supply or recommend an amplifier for their particular 
measuring device. 

The output range of an amplifier is usually governed by 
the input requirements of the data acquisition system. Common output 
ranges are a to 1 volt, a to 10 volts, or ! 10 volts to 1 milliamp and 4 
to 20 mill i amps. 

The accuracy of the transducer ranges anywhere from ~ 

. a 1 percent to ~ 5 percent fu 11 scale over a temperature range of a to 
700 C. 

e. Software 
Writing the software is one of the most expensive and 

time-consuming tasks involving data acquisition systems. Software devel
opment costs today can well exceed over 100 percent of the data 
acquisition hardware cost. A current industry standard for programming 
costs is estimated at $50 per line for finished code. This kind of 
expenditure invites system software fixture comparison. 

The chart in figure III-28. depicts a cost comparison 
between three di fferent data acqui s iti on systems. The chart represents 
the cost in thousands of dollars of 100 channels of temperature, analog, 
and digital input. All three systems have similar accuracy and tempera
ture specifications. The basic system cost includes a CPU, power supply, 
RS 232 interface, and a cabinet. System B is a voltmeter type system and 
the basic system cost includes this feature. 
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Figure 111-28. Data Acquisition System Cost Comparison 

If one were considering purchasing a data acquisition 

system based on a lower cost per channel, system C would be the obvious 

choice. The difference between system C and systems A and B is the lack 

of a software operating system. Systems A and B contain operating 

systems whi ch enab 1 e a host computer or term; na 1 to send simp 1 e bas i c 

commands to the system which configure it and cause it to scan and 

measure the required channels. It then transmits the raw data collected 

back to the host. The software overhead on th i s type of system is 

reduced to formatting and reducing the data. 
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On a system like C, where no software operating system is 

present, the software overhead is two-fo 1 d. Th is system requ i res the 

bare bones software to do the analog-to-digital conversions, the 

temporary storage of data, and the handshaking to the host, etc. The 

cost of developing this software could exceed the $6,000.00 cost of 

system A. 

This is the trade-off decision on this type of system. If 

the time and funds are avai lable to develop software, a system 1 ike C 

would be a viable choice. 

f. Output Data 

To incorporate automatic control functions from a data 

acquisition system, a method for the output of data is necessary. 

The most prevalent forms of output are: 

(1) Digital 

(2) Digital-to-Analog 

(3) Relay Closure 

(4) Opto-Isolator 

In the digital technique, the system outputs a digital 

word usually 8 bits or 16 bits wide. This digital information is then 

used to control external devices. 

In the digital-to-analog technique, the system converts a 

digital word into a voltage. This voltage is then used to control 

external devices. The voltage output is usually limited to driving a 

high impedance input, usually greater than 1000 ohms. 

The major drawback to either of these two techni ques is 

the requ i rement of the externa 1 dev i ce accept i ng th is type of input. 

These external devices are usually referred to in the industry as smart 

devices. Speed is the major advantage of these techniques. 

The simplest form of output is the relay closure. 

Connection of a voltage or signal source at the common contact of a relay 

is required, and the external device to be controlled is connected to the 

normally open or normally closed contact. The data acqUisition system 

energi zes or de-energi zes the co i 1 of the re 1 ay. wh i ch in turn app 1 i es 
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thi s vo ltage vi a the contacts to the external devi ce. The advantage of 

this technique is that the power of the control 1 ing signal is 1 imited 

only to the contact rating of the relay. If considerable voltage or 

power is requ ired, contro 11 i ng a 1 arger re 1 ay with the data acqu is it i on 

system relay is possible. 

One examp 1 e wou 1 d be contro 11 i ng a high voltage DC or AC 

contact. Contacts of this type usually have low voltage coils which can 

be energized or de-energized by a data acquisition output relay. 

The opto-isolator output is similar to the relay output 

except that comp 1 ete i so 1 at i on occurs between the contro 11 i ng power and 

the power needed to operate the data acquisition system. 

This type of output controls a small current into a light

emitting diode which turns it on or off. The output of this diode is 

directed at the base of a photo-transistor. The output of the transistor 

can then be used as a solid state switch to control external devices. 

The main advantage of this technique is the elimination of 

noise being injected back into the circuitry of the data acquisition 

system. 

g. Input Data 

A data acquisition system usually features some type of 

input data capability. 

Two of the most frequently used techniques are: 

(1) Analog to digital conversion 

(2) A relay closure routing the signal to be measured into the 

input of a voltmeter 

In the analog to digital technique, the system converts 

the voltage being measured to a digital value which is then read by a 

computer and/or displayed on an Input/Output (I/O) device. 

The main advantage of this technique is speed. Well over 

10,000 readings per second are possible. The resolution of this 

technique is determined by the number of bits in the conversion. For 

example, let us assume we have a system with a : 1 volt full scale input 

range. The resolution of an eight bit conversion would be 2 volts/256, 
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which would be 7.8 mv. With a 14 bit conversion, the resolution would be 

2 volts/16,384, which would be 122.0 ~v. 

In the voltmeter technique the system routes the voltage 

measured into the input of a very accurate vo 1 tmeter through a re 1 ay 

closure. The output of the voltmeter is then read by a computer and/or 

displayed on an I/O device. The voltmeter itself contains the analog to 

digital converter and also provides a display of the input voltage being 

measured. 

This technique has the advantage of being very flexible if 

the voltmeter is programmable. Readings less than a micro-volt are pos

sible but the speed of the measurement suffers. Readings limited to less 

than 300 per second are not uncommon. 

The primary trade-offs of the two techniques are speed 

versus accuracy. 

h. Display/Plotting 

Data collected in its raw form is not very useful. It 

must usually be reduced, sorted, converted, listed, etc., to transform it 

into engineering units. 

A multitude of devices are available to display data from 

a data acquisition system. One of the most valuable display devices is a 

CRT terminal. These are capable of displaying an enormous amount of 

information quickly, and can be used to generate highly detailed graphs 

and plots, some in full color. They are excellent tools for operator 

input and programming a data acquisition system. 

If a hard copy is required, a printer is the logical 

choice. The printer could be l.!sed to generate reports, list important 

measurements and produce graphs, etc. Some pri nters can be purchased 

with keyboard entry similar to a typewriter, making them useful for 

operator input also. 

When a highly detailed hard copy of a graph or plot is 

required a pen plotter should be used. They are available with a number 

of features such as multiple pens, digitizing capability, alphanumeric 

labeling, etc. 
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Other display devices can be incorporated, such as light

emitting diode (LED) displays or liquid crystal display (LCD) displays. 

These devices are available in alphanumeric and graphic form similar to a 

CRT termi na 1. They come confi gured as meter faces, bar graph d i sp 1 ays, 

and in seven-segment form. 

i. Diagnostic Capability 

By establishing upper and lower limits of the measurements 

being taken, fault isolation can be performed. The system can flag the 

operator when a particular voltage or current is too high or too low, 

when a temperature reading is out of range, or when a measurement drops 

out completely. 

A data acquisition system monitoring a PV/PV-T system is 

normally collecting data in order to measure system performance. The 

same measurements used to establish system performance can also be used 

for diagnostic purposes. 

j. System Control 

All PV/PV-T systems require some type of control. This 

control can be manual and/or automatic. Most automatic controls are 

usually overriden with a manual control in the event of a data acquisi

tion system failure or operator error. The following list suggests some 

controls which are candidates for automatic control in a PV/PV-T system. 

(1) Open array 

(2) Short array 

(3) Switch array output into inverter input 

(4) Switch AC output of inverter to the load 

(5) Switch fluid pumps on and off 

(6) Control fluid valves 

(7) Control tracking mechanisms 

The number of contro 11 i ng channe 1 sis on 1 y 1 imited to the 

capabil ity of the plug-in options on the data acqui sition system. Most 

bas i c systems can contro 1 up to 100 channe 1 s and can be eas il y expanded 

to control up to 1000 channels • 
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3. Design Specifications 
This section provides guidel ines for the design of the elec

trical subsystem for PV-T systems based on existing collector/receiver 
configurations. It is assumed that the manufacturer will supply a basic 
collector and receiver assembly with PV cells interconnected as a module. 
The design proceeds with interconnecting modules into an array and 
considers all electrical aspects of delivering DC power to the inverter, 
convert i ng to AC power, and i nterfaci ng with the ut il ity and load. The 
equipment and interfaces described in the following sections are 
configured as shown in the block diagram in figures 1II-29 and 1II-30. 

a. Photovoltaic Array 
The photovoltaic array considers the interconnection of 

modules in series and parallel to form an array which will interface 
compatibly with the inverter. The only non-photovoltaic equipment 
considered are bypass diodes, since these are connected at the module or 
sub-module level, and blocking diodes, which protect the array from 
reverse power flow. Switches, varistors, etc., will be discussed under 
the Control, Monitoring, and Protection sections. 

1) Array Operating Voltage 
The array design begins by determining the optimum 

number of modules to be connected in series for interface with the DC-AC 

inverter vo ltage wi ndow. I n the case of pedesta l-mounted arrays, the 
manufacturer has already specified the array voltage via the pedestal 
des i gn. Therefore, the interfaces are reduced to ensuri ng that the 
inverter voltage window encompasses (or can be shifted to encompass) the 
array voltage variations. 

If, on the other hand, the collector design provides 
only a fraction of the nominal inverter input voltage, collectors must be 

connected in series to produce this voltage. A matrix of voltages versus 
ce 11 temperature for typ i ca 1 numbers of modu 1 es can be constructed as 
demonstrated in figure 1II-31 for a passively-cooled module for residen

tial applications. The module voltages at 28°C and at 50°C were obtained 
from the manufacturer's specifications and represent the rated output 
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24-MODULE 25-MODULE 

l-MODULE STRING STRING 

VMP/VOC VMP/VOC VMP/VOC 

9_56V /12A6V 229AV/299.0V 239.0V/3ll.5V 

8.98/11.90 215.285.6 224.5/297.5 

8.35/11.25 20004/270.0 208.8/281.3 

7.8V/l0.7V 187 .2V /256.8V 195.0V/267.5V 

6.83 163.9 170.8 

6.20 148.8 155.0 

5.99 143.8 149.8 

5.74 137.8 143.5 

Figure 111-31. String Voltage Matrix 

• 
26-MODULE 27-MODULE 

STRING STRING 

VMP/VOC VMP/VOC 

SANTA FE 

248.6V /324.0V 258.1 V /336AV 

ALBUQUERQUE 

233.5/30904 242.5/321.3 

217.1/292.5 225.5/303.8 

202.8V /278.2V 21 0.6V /288.9V 

177.6 18404 

161.2 16704 

155.7 161.7 

149.2 155.0 

• 
28-MODULE 

STRING 

VMP/VOC 

267.7V/348.9V 

251.4/333.2 

PHOENIX 

233.8/315.0 

218AV/299.6V 

191.2 

173.6 

167.7 

160.7 
L....-
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ce-ll temperature condition, and a nominal operating cell temperature (at 

1 sun) condition, respectively. The first and sixth 1 ines represent 

reasonable extremes for a cold environment in the West and Southwest such 

as Denver, Santa Fe, or Fl agstaff. Lines two and seven represent the 

extremes for warmer climates such as Albuquerque or Las Cruces. Lines 

three and eight represent a hot c 1 i mate such as Phoen i x or Las Vegas. 

For the cold extremes, a worst-case condition of high winds was assumed, 

so that the cell temperature is close to the ambient temperature. For 

the hot extremes, a nominal wind speed was assumed due to convection 

behind a sloped array, even under still air conditions. The cell 

temperature is obtained by assuming a constant temperature rise above 

ambient (ilT) for standard insolation and nominal wind. The open circuit 

voltages were only calculated for the cold extremes in order to compare 

them with the inverter shut-down voltage. The open ci rcu it vo ltage is 

only a factor if the inverter is shut down and then restarted during the 

day under conditions of high insolation and low temperature. 

The module voltage (VT) at each cell temperature (TC) 

was obtained from the following equations: 

(V 51 -V2B )V (Eq. 111-7) 
ilV/ilT = 

(51-28)oC 

ilV/ilT = 0.002 V? C 

and 

(Eq. I II-B) 

where: 

ilV/ilT = Rate of change of cell voltage with temperature (V/oC) 

NS Number of cells connected in series in the module 

V2B ' V51 = Voltage of module at 2BoC and 510 C, respectively (V). 
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In this case, the 26-module string most closely fit 

the specified inverter voltage window of 200 V ~ 15 - 20 percent for the 

Santa Fe conditions, while 27 and 28 modules would be better suited to 

the Albuquerque and Phoenix conditions, respectively. In addition, the 

maximum open circuit voltages were below the inverter shut-off voltage of 

330 V. 

It shou 1 d be noted that inverter input requ i rements 

vary from one manufacturer to the next. Some have different nom; na 1 

input vo ltages, 1 arger vo ltage wi ndows, and lower open c i rcu it vo ltage 

shut-down 1 eve 1 s. For some inverters, exceed i ng the max imum ope rat i ng 

vo ltage wi 11 resu It in inverter shut-down, wh i 1 e under-vo ltage resu lts 

only in loss of peak power tracking. Therefore, the operating charac

teristics of the inverter should be carefully considered. 

Sometimes an iterative deSign process may be 

required. For example, if the 26-module string cannot be arranged satis

factorily within the field size (13 is a prime number), the 24, 25, 27. 

or 28-module strings could be used if the manufacturer can shift the 

inverter range up or down. 

For an actively-cooled module (PV-T), the only change 

required is in the determination of cell temperatures under various con

d it ions. The ce 11 temperature is 1 ess dependent on amb i ent temperature 

because a second reference temperature, that of the coo 1 i ng flu i d, is 

present. The following equation can be used to determine the cell 

temperature based on the simple model shown in figure III-32. 

where: TA = Ambient temperature (oC) 

RA " 

TR = 

RR 

Heat transfer resistance to ambient (oC/W) 
Reference (cooling fluid) temperature (oC) 

Heat transfer resistance to fluid (oC/W) 

1II-95 
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Figure 111-32. Simple Model of PV-T Heat Transfer Network • 
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I -S -
AC 

Standard insolation times concentration (W/cm2) 

Cell area (cm2) 

nC = Cell efficiency 

Rp = Parallel combination 

Hence, the string voltage matrix would be based not 

only on variations in ambient temperature, but al so on variations in 

cooling fluid temperature. If the cooling fluid temperature is dependent 

on the ambient temperature, this relationship must also be included. For 

the stri ng vo ltage matri x, the modu 1 e vo ltage wou 1 d be measured at the 

design concentration. 

Th is method assumes that the system performance can 

be modeled us i ng the average temperature across the PV rece i ver. Th is 

assumption is valid, as discussed in the Technical Issues section, if 

cells are connected in series over the thermal length. Cells at 

different temperature (or cell series strings with different average 

temperatures) shou 1 d not be connected in para 11 e 1. Thus, ce 11 s arranged 

along a rece i ver 1 ength shou 1 d be connected in seri es becau se the ce 11 s 

have different temperatures, but the two series strings on opposite faces 

of a V-shaped receiver tube may be connected together in series or 

para 11 e 1, becau se the stri ngs have the same average temperature. If, 

however, the thermal cooling length extends beyond a single receiver, the 

receiver strings should be connected in series, not in parallel, since 

the strings will operate in different temperature regions. 

2) Array and System Power 

The array output power shou 1 d also be determi ned to 

ensure a successfu 1 inverter i nterf ace. The array power shou 1 d rem a in 

between one half and full rated power of the inverter under most insola

tion and weather conditions. In tailoring this interface, the designer 

shou 1 d also determi ne the inverter response to input power greater than 

rated capacity, i.e., power limiting, shut-down, continued operation at 

lower efficiency, etc • 
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The array power shou 1 d be determi ned for the worst
case conditions used in the voltage design. For each cell temperature 
(TC)' the array power (PTA) is obtained from the following equation: 

where: NM = total number of modules in array 
VT = voltage of module at TC and concentration obtained in 

previous section (V) 

IT = current of module at TC and concentration (A) 
128 = current of module at 280C and concentration (A) 

~fI/~T = fractional change in current with temperature (oC-1) 

= approximately O.00061/oC 

The AC system power (PAC) may be calculated if 
required by the following equation: 

where PDC = 
nCR = 
nMM = 

n = W 
npC = 

(Eq. 111-11) 

Array DC power determined at rated conditions (W) 
Concentration efficiency (focusing, tracking) 
Module mismatch efficiency (manufacturing variations) 
Wiring efficiency (resistance losses) 
Efficiency of power conditioning equipment exclusive 
of the inverter (switchgear, diodes, etc.) 

nI = Inverter efficiency 
PpAR = Parasitic power loss (pumping, tracking, etc.,) (W) 
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If the system specifications require a minimum power 

under rated conditions, equation III-ll may be reformulated to determine 

the number of modules required and interconnection requirements if the 

rated array power (POC ) is written as: 

(Eq. III-12) 

where: = rated power of module (W) 

number of modules in series string 

number of groups of NSS connected in parallel. 

substituting equation 111-12 into equation 111-11 and solving for NM: 

(Eq. III-l3) 

This equation can be used to determine the number of groups of NS modules 

requ i red to obtain PAC system output. If NG is not an integer, it shou 1 d 

be raised to the next hi gher integer. If the resu ltant NM (from NSS x 

NG) provi des too much power for the inverter interface or the sys tem 

requirements, then NSS must be changed or the inverter must be resized. 

3) Blocking and Bypass Diodes 

Blocking diodes should be required at the end of each 

series string of modules. If the string is unipolar with respect to 

ground, only one blocking diode is required. If the string is bipolar 

with respect to the ground (that is, center grounded), two block i ng 

diodes are required. They should be placed on each end of the string 

between the array and the i so 1 at i on switch/vari stor assemb 1y. Thi s wi 11 

help to protect the blocking diodes, as well as the array, from lightning 

transients. 
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The blocking diodes should be sized to handle the 
maximum current from the series string with no more than about 1 V 
forward drop. The heat i ng due to norma 1 ope rat i ng power d iss i pat i on 
should be kept within acceptable limits. The reverse breakdown voltage 
should be at least 20 percent greater than the string voltage. The 
varistor voltage must, in turn, be at least 20 percent below the blocking 
diode reverse breakdown voltage. 

• 

Bypass diodes should be required in all arrays to • 
protect cells from reverse bias damage, and to improve array output under 
shadowing or cell failure conditions. As a rule of thumb. bypass diodes 
shoul d be connected across every 6 to 12 seri es ce 11 s. The fo 11 owi ng 
equations can be used to determine the maximum bypass group size. 

To prevent exceeding the reverse breakdown voltage of the 
shadowed cell since the probability of failure is significant in reverse 
breakdown: 

(Eq. III-14) 

(Eq. I II-15) 

where: VRMAX = Maximum allowable reverse voltage (V) 
VBM1N Lowest expected breakdown voltage (V) 
NBPB Maximum allowable seriesed cells in bypass group 

from breakdown considerations 
VFD = Forward voltage of bypass diode (V) 

VOC Open circuit voltage of cell (V) 

For example: 

VSM1N = 5 V, VFC 1.0 V, VOC = 0.6V 
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N 1 -5 V + 1.0 V 
BPB = - 0.6V 

NBPB = 7.7 ;>7 cells 

To prevent exceeding maximum allowable cell or encapsulant 

temperature: 

VRMAX 

where: 

AC 
TA,TR 
TCMAX 

IMP 
NBPT 

= 

= 

For example: 

(III-16) 

(III-17) 

Thermal resistance to ambient (oC/W) 
Thermal resistance to reference fluid (oC/W) 
Standard insolation (.lW/cm2) times concentra
tion ratio 
Ce 11 area (cm2) 
Ambient and fluid temperatures (G C) 
Maximum allowable temperature (oC) 
Peak power current of cell (A) 
Maximum allowable seriesed cells in bypass group 
from temperature considerations 
Peak power voltage of cell (V). 

IS = (0.lW/cm2)(30x) = 3.0 w/cm2 

AC = 10 cm2 
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° TA = 40 e 
° RA = 5.0 e/w 

TR = 60°C 

° RR = 0.87 e/w 
° TCMAX = 120 e 

IMP = 8.7A 
VFD = 1.0 V 

VMP = 0.5 V 

Rp = (0.87)(5.0) = 0.7410 C/W 
5.0 + 0.87 

VRMAX 
0.741 (3.0)(10) + 40/5.0 + 60/0.87 - 120 

(0.741)(8.7) 

= -6.32V 

N 1 -6.32 + 1.0 
BPT - 0.5 

for TA and T R 
resistances (RA 
temperature of 

temperatures. 

11.6 ;>11 cells 

In this case, the maximum ambient temperature is used 

represents a max imum out 1 et temperature. The therma 1 

and RR) are designed to produce a normal operation cell 

about 500 C at 200 e ambient, and 300e cooling fluid 

The bypass diodes should be sized to handle the 

maximum current of the strings they are protecting so that heating due to 

power dissipation is kept within acceptable limits. The reverse 

breakdown voltage of the bypass diode should be greater than the maximum 

open circuit voltage (determined at low temperature) of the strings they 
are protecting. 
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b. Inverter 

This section presents guidance for the selection of the 

inverter for PV-T systems. Since the current effort considers only 

utility-interactive commercial and industrial applications, the inverter 

must produce 277/480 VAC, 3-~, 60 Hz power. The array size will be based 

on the minimum life cycle cost of the system. This method of sizing 

usually results in a PV array which supplies only a fraction of the total 

load requirement. Therefore, the inverter must be sized according to the 

array output rather than to the AC load requirement. 

Additional selection consideration can be divided into 

three categories: 1) critical design specifications, 2) voltage window 

interface with array, and 3) additional desirable features. Candidate 

inverters should be evaluated first for compliance with the critical 

design specifications. Inverters that pass this test should then be 

evaluated for ease of interface with the array voltage variations. 

During this evaluation, the method of handling out-of-range voltages and 

the method of peak power tracking should be considered. Finally, addi

tional desirable features should be considered for those inverters 

considered acceptable after tests one and two. 

selection categories will now be presented. 

Deta il s of the three 

1) Priority 1: Critical Design Specifications 

A list of critical design specifications will vary 

somewhat with the particular application; however, a list which would 

apply to most commercial and industrial utility-interactive applications 

could be represented by the one in table 1II-7. The power rating of the 

inverter would be determined from the array output. The only critical 

specification concerning the input voltage is that it accept a range of 

vo ltages. Thi s range wi 11 be cons i dered in deta i 1 in the pr i ority 2 

considerations. 

The specifications on total harmonic distortion, 

power factor, and other values or ranges cou 1 d be spec if i ed. In actua 1 

practice, there may be small grounds for comparison of these parameters 

between some inverters, so other considerations are more dominant; e.g., 

III-103 



THE 8DM CORPORATION 

TABLE 111-7. TYPICAL CRITICAL DESIGN SPECIFICATIONS FOR INVERTERS 
FOR COMMERCIAL AND INDUSTRIAL UTILITY-INTERACTIVE 
APPLICATIONS 

Output 
Voltage Level, Type, Frequency 

Power 

Mode of Operation 

Current Distortion 

Power Factor 

Utility Isolation 

Input 
Vol tage 

Mode of Operation 

EMI Protection 

Efficiency 

Protect ion 
Input 

Output 

Envi ronmental 
Temperature 

Humidity 

Delivery Schedule 

111-104 

277/480 VAC, 3~, 60 Hz 

Determined by application 

Synchronized to utility 

Total Harmonic Distortion 
(THO) <5% of load current 

PF > .9 (lead or lag) 

Includes isolation transformer 

Must allow variable input 
voltages - Voltage range 
is a Priority 2 consideration 

Automatic start-up and shut
down with peak power tracking 

Filtering on input 

n > 90% from 25% to full load 

Over-voltage, over-power 

Utility voltage or frequency 
out-of-range, over-current, 
ut i 1 ity 1 os s 

o - 95% 

Based on system construction 
schedule 
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if an inverter has no isolation transformer, the absence of such a 

component or feature would be more important than a slight improvement in 

efficiency or power factor. 
2) Priority 2: Voltage Window 

Since the array operating voltage may vary by 15 to 

20 percent above and below nominal voltage at a particular location due 

to weather condition extremes, those inverters having passed priority 1 

considerations, and which have the widest voltage windows, would be 

preferred. The method of specifying the input voltage range should also 

be considered, however. For example, if one inverter has a 200 to 280 V 
input range in wh i ch peak power track i ng is performed with shut-down at 

500 V, this might be preferable to another inverter which has a peak 

power tracki ng range of 200 to 300 V with shut-down at 350 V. The 

smaller voltage window of the former may be acceptable for a particular 

location, but the lower shut-down voltage of the latter may not be 

acceptab 1 e if the system experi ences intermittent ope rat i on. I n such 

cases, attempts to restart the system on a cold day might be futile due 

to high open circuit voltage. 

If there is doubt as to the best inverter for 

priority 2 considerations, the interface of each of the candidate 

inverters with the array should be analyzed by the methods described in 
section 3 to determine which would be most compatible with the array. 

3) Priority 3: Additional Desirable Features 

If no inverter offers a clear choice after priority 2 

considerations, additional inverter features should be considered. They 

might include the cost of the inverter, manufacturer's field experience, 
meters and i ndi cator 1 i ghts on the front pane 1, i nterna 1 vo ltage adjus t

ment capability, stand-alone operation capability, ground fault interrupt 

circuit breakers, built-in data acquisition output terminals, etc. Note 

that inverter cost is considered a priority 3 consideration. The 

rationale behind this is that a low cost inverter which does not satisfy 

utility interface requirements and is therefore not acceptable to the 

utility company, or which experiences failures or excessive shut-downs, 

is not a bargain. 
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In some applications, however, the inverter cost (or 

any other of the priority 3 considerations) could be a priority 1 con

sideration. depending on the goals or objectives of the application. For 

example. an inverter used in an uninterruptible power supply (UPS) appli

cation might require more monitoring and control features. 

As a final note. the issue of self-commutated 

inverters (SCI) versus 1ine-commutated inverters (LCI), has not been 

addressed as a speCific evaluation consideration. In general. LCI are 

less expensive and have slightly higher efficiency and simpler design. 

The SCI have better signa 1 qu a 1 ity and power factor. These cons i dera

t ions wou 1 d tend to favor SC I since cost is a pri ority 3 issue; however. 

power factor and harmonic distortion correction of LCI are possible at 

add it i ona 1 expense. The corrected LCI may. therefore, cost as much as 

the SCI. In the final analysis, the question of line- or se1f

commutation is not as crucial as the consideration of the operational 

characteri st i cs and cost of a fu lly-confi gured inverter. The 

reqUirements for additional equipment. hardware modifications, and addi

tional installation time should all be considered. 

c. DC Wi ri ng 

The DC wiring portion of our PV or PV-T system is designed 

to minimize power loss from the array to the inverter. This length of 

wiring is sometimes several hundred feet, and the trade-off which must be 

performed in order to select the optimal wire size and configuration is 

not trivial. 

In an array configuration where each sub-array or module 

string is nearly equidistant from the inverter location, the voltage loss 

(or power loss) may be easily determined using Ohms law: 

(Eq. 111-18) 
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where: VLOSS = the DC voltage loss from the subarray to the 

inverter 

ISA = the output current of the subarray in DC Amperes 

R' = the resistance of the wire to be used per 1000 

ft length 

~ = wire routing distance from the subarray output 
terminals to the inverter input terminals 

Note the ~ is multiplied by two, since the current flowing 

from the subarray returns through the second conductor length back to the 
negative subarray terminal. This is illustrated in figure III-33. 

+ ... 1/2 V
LOSS 

__ _ 

I . J . I 
+ 

SUB 
INVERTER 

ARRAY 

-

1-
'SA 

. I J 

BDM/A-82458-TR-R1 

Figure I11-33. DC Block Wiring Diagram 

Normally one would calculate VLOSS for each subarray 

(since ~ varies) using several wire sizes to determine the most cost 
effective wiring scheme. Naturally, larger wire sizes are required at 
greater distances ~ for any given VLOSS figure. VLOSS figures of less 

than 5 percent are common for system design requirement, and often less 
than 2 percent may be required. The wire size required to obtain an 
insignificant voltage level in most systems may well exceed the NEe safe 

ampacity rating of these conductors in some instances, although this of 
course, must be decided. This percent is simply calculated as: 
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% VLOSS 

VLOSS 
= VSA 

(Eq. rrr-19) 

where VSA is the subarray output voltage. 

For system design purposes, VSA and ISA may be chosen at 

any ce 11 temperature; however, the norma 1 ope rat i ng temperature of the 

cells should be used, since this will reflect most accurately the average 

power output of the system. 

As opposed to the voltage loss calculation, power loss may 

also be used to optimize this choice of wiring, since these two param

eters are easily related. 

(Eq. rrr-20) 

1) Special Considerations 

Since the design goal of the array wiring is to 

optimize the power output, balancing techniques may be used when the 

difference in ~ from the nearest (to the inverter) subarray to the 

farthest subarray is significant. This is due to the fact that some 

method of peak power tracking is employed in these PV-T systems. For 

example, if Vmax = 200 VOC and Imax = 14 Amperes for each subarray, 

(these are the peak power point parameters), a peak power tracking 

"error" occurs for two of these subarrays located at different distances 

from the inverter, if the same wi re size is used for both. The examp 1 e 

in figure rrr-34 and the calculations below illustrates this condition. 

Assume: 1) Vmax = 200 VOC and Imax = 14 Amperes 

2) ~1 = 76.2 m(250ft) (distance from subarray #1 

to inverter) 

3) ~2 = 426.8 m(1400ft) (distance from subarray #2 

to inverter) 
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4) Wire size is #8AWG; R' = 0.64 n/lOOO ft 

5) the average cell temperature for SAl and SA2 are 

the same 
then: 

VLOSS ISA{l) R' 
22.1 

= 1000 (l) 

= (14){.64) 2(250) 4.48 VDC 1000 

VLOSS (2) I SA (2) R' 
2i2 

1000 

= (14)(.64) 2(1400) = 25.08 VDC 1000 

Suo D.C. POWEA 
ARRAY 
NO.1 i, 

INVERTER 

~ 
r 

sua D.C. POwER 
ARRAY 
NO.2 12 

I • VLOSSC21 

BDM/A-82-458-TR-R1 

Figure III-34. Peak Power Tracking Error Examples 

Since the node voltage at the input to the inverter 
is the same for all subarrays in the system, a peak power tracker wi 11 
settle out at some subarray voltage between the nearest and farthest sub
array Vmax point. In this simple example, we can pick the midpoint of 
the voltage difference to illustrate the "imbalance" loss of power. The 
circuit model for this case is shown in figure III-35 . 
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189.7 VDC 
INVEATER 

214.8 VDC 

B OMI A-82-458-TR-R 1 

Figure III-35. Example of Imbalance 

Not i ce that neither subarray #1 or subarray #2 are 

actually operating at their peak power point of 200 VDC @ 14 amperes 

under this condition. The actual loss of power due to this imbalance may 

be estimated by closely examining the cell I/V curve near V , I • max max 
For the sake of illustration, let us assume that a 1 percent voltage 

• 

• 

displacement from the Vmax point on the I/V curve results in a 0.5 percent • 

power output loss (Vmax x Imax)' Of course, the optimum output 

of these two subarrays, if balanced, would be: 

Pout(I&2) 

become: 

P = 
out(I&2) 

where: I'SA1 

I'SA2 

2 (200 VDC) (14 amperes) 

5600 \oj 

For the imbalance condition illustrated, this would 

(194.2 VDC) I' + 214.8 VDC x 4 I ' 
SAl SA2 

the output current of SA #1 @ 194.2 V 

the output current of SA #2 @ 214.8 VDC 
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To obtain the currents: 

(I SA1 )(194.2 VOC) 
2002664.2 (200 VOC)(14A) 

(200 VOC) (14 amperes) ----=-=-=--"2,-------

or 

(200)(14) - (.029)(200)(14)(2 
194.2 

- 2800 - 40.6 - 14 2 amperes - 194.2 - . 

Simil arly, the imbalance current of subarray #2 can 
be calculated: 

21~O~-200 (200)(14)(2 
= ----------~~~-----------

(200)(14) -
214.8 

2800 - (0.074)(2800)(2 
214.8 

= 12.55 amperes 

Therefore: 

Pout(#2) for the imbalanced condition is: 

PoUt (#2) = (194.2VOC)(14.21A) + (214.8VDC)(12.55A) 

= 2760W + 2695W 
= 5455W 

This represents a percent power loss of 

due to peak power tracking error. 
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Additionally, the I2R losses are different, which 
further reduces the power which actually arrives at the inverter input. 
Other losses which reduce the system power output include the blocking 
diode forward voltage drops and parasitics associated with contact resis
tances and voltage drops across fuses etc. 

d. Utility Interface 
The design of the utility interface for each PV-T power 

system wi 11 vary to certain degrees, since all ut i1 i ty servi ce requ i re
ments and the configuration policies of utility companies differ. Coor
dination with the utility engineering representatives must proceed well 
in advance of the actual detailed electrical design for this portion of 
the system. Usually the NEC handbook can be used as a general design 
guidance reference for all of the AC wiring size and type specifications, 
as well as for conduit selection. The isolation transformer between the 
PV power source and the utility must be specified by the utility company. 

Additionally, any metering requirements associated with 
the uti 1 i ty servi ce, may be the res pons i bil ity of either party of the 
contract. This must be defined early in the design phase. 

Normally in the industrial and commercial PV-T power 
systems, the ut 11 ity interface wi 11 be a 480/277VAC, 3(il ci rcu i t and the 
isolation transformer will step up this voltage to a compatible utility 
level. The basic block diagrams in figure 111-36 shows the major utility 
interface components which must be specified in the system design. 

The control of the AC switchgear is accompl i shed by the 
utility monitoring equipment. This a protective process required for on
and off-line switching of the inverter-produced PV power. The quality of 
the voltage, frequency, and current provided by the PV power processing 
equi pment is scruti ni zed by the uti 1 ity to ensure the integrity of the 
signal to their customers. Although much effort is being expended by the 
IEEE to define a uniform set of signal qual ity specifications they are 
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AC POWER' 
INVERTER .. .. 

PARASITIC .... 
BUILDING LOADS .... 

ISOLATION 
TRANSFORMER 

AC .~ ~ SWITCHGEAR 
& 

~CI 

METERING 
...... 

.1~ 

CONTROL LINES FOR SWITCHGEAR 

6ii'b 

SIGNAL 
QUALITY 
MONITORING 
EQUIPMENT 

UTILITY 
LINE 

B OMI A-82-458-TR-R 1 

Figure III-36. Major Utility Interface Components 

not yet final. The general figures for signal qual ity being considered 
for standardization of this specifications are: 

Frequency 60Hz = 5% (3Hz) 
Voltage Amplitude nominal + 5% 
Voltage Waveform Distortion 
Current THD 

e. Controls 

2% 
3% 

Several types of controls are usually designed into a PV-T 
power system. Some are incorporated into the equipment deSign, and 
others which are used in the interfaces between pieces of eqUipment, will 
have to be designed and specified separately. Examples of built-in 
contra 1 s are peak power track i ng and over-temperature shutdown. These 
two are usually a function of the inverter design (over-temperature of 
inverter electronics). Examples of added controls are fluid flow valves 
and externally actuated switchgear and HVAC equipment, if required. 
Although the controls themselves are simple in nature, their imple
mentation in a system must be accomplished in such a manner that oscilla
tory problems do not resu It. A good examp 1 e of a system osci 11 at ion is 
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the case of a poor peak power tracker des i gn. The tracker must measure 
actual power from the array in order for the inverter to begin its start
up sequence. An imp 1 ementat i on of a poor desi gn is exemp 1 i fi ed by a 
vo 1 tage-on 1 y sens i ng c i rcu i t. The response of th is type of tracker may 
result in the oscillation illustrated in figure 111-37: 

Voe 
I I 
I I 

ARRAY VOLTAGE 

r r I 

J i 
VMAX I VMAX 

I I 
I I I 
I ON I 

INVERTER SEQUENCE ~ 
OFF I 

I -
I I 
I I 

BDM/A-82-458-TR-R1 

Figure 111-37. Peak Power Tracker Oscillation 

At time to' the array vo ltage is sensed by the inverter 
electronics. This is essentially voc (open-circuit voltage of the 
array). If the inverter does not load down the array and measure power, 
it will begin its start-up sequence depicted at time t 1• The array 
voltage collapses shortly thereafter if it cannot supply the tare power 
required of the inverter, and at time t2 the inverter shuts down only to 
try to start up again. This condition causes erratic peak currents to be 
generated i nterna 1 to the inverter, and if asci 11 at i on is allowed to 
conti nue. may very we 11 damage the inverter. As a sol ut i on to th is 
control problem, the peak power tracker must actually measure a fraction 
of the array power, not voltage alone. 

Bu il t- in contro 1 sin inverter des i gns genera 11y inc 1 ude 
ground fault sensing, AC output parameters, and internal circuit tempera
tures as self-protective measures. 

Controls external to the pieces of equipment in the system 
may be actuated manually, by computer, or both. Occasionally, it is good 
practice to design in redundant control circuits. especially in the case 
of personne 1 safety features such as emergency shut-down of the system 
and various ground fault conditions. 
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1) Protection 
System protection devices include hardware items as 

well as software generated controls. Fuses, circuit breakers, and 
blocking diodes are prime examples of hardware protection devices, and 
stow and inverter shut-down commands are examples of software generated 
protective measures, although in "bare-bones" systems they may also be 
provided by limit switches and other hardware protective circuits • 

In the case of fuses and circuit breakers, the 
designs must consider the trip or open current/voltage levels of these 
units, as well as the trip time. This time may vary from milliseconds up 
to seconds, and require specifications based on the peak interrupting 
fault currents available at any point in the system. 

Software-generated protective commands are the result 
of an unfavorable system measurement such as over-temperature, high wind 
conditions or precipitation. They are generally closely associated with 
the data acquisition system computer or an individual control computer or 
logic. 

2) Lightning Design Guidance 
For a commercial industrial system of less than 

500 kW, lightning rods and dissipation arrays (barbed wire which dissi
pates stat i c charges to prevent 1 i ghtni ng stri kes) are not recommended. 
Instead, it is advisable that the collectors and support frames or pedes
tals be grounded to a counterpoise system buried in the ground, and that 
terminal protection devices be provided at the ends of cable runs. 

The counterpoise system consists of a network or grid 
of bare conductors buried 2 to 3 inches underground. The conductors are 
run along the collector rows and cross-connected every 40 to 50 ft. 
Eight to ten-foot ground rods are sunk at each of the connection points. 
The co 11 ector and frame ground i ng wi res are connected di rect ly to the 
buried cables at each end of each collector assembly. Number 4 AWG bare 
copper wi re is usually sati sfactory for the counterpoi se network, whil e 
#1/0 wire should be used for grounding the collectors. All disconnect 
switch cases and J-Boxes in the field should also be grounded. 
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The termi na 1 protecti on devi ces cons i st of standard 
surge arrestors, varistors for DC lines and varistor/Zener diode circuits 
for data and logic lines. Standard AC surge arrestors should be used to 
protect all three AC power 1 egs. They shou ld be placed in the ut il i ty 
disconnect switch outside the power conditioning at the utility service 
entrance. 

The DC vari stors shou 1 d be rated for at 1 east 5000A 
peak surge current capac i ty. The vari stors shou 1 d be connected from the 
positive and negative terminals to ground at the end of each array series 
string. The varistor should be on the DC cable side of any blocking 
diodes used. The interface of the varistor voltage with the blocking 
diode reverse breakdown voltage is critical. If the varistor conduction 
voltage exceeds the diode breakdown voltage, the diode must be resized or 
two diodes placed in series. 

Additional varistors may be placed within each array 
series string between collector assemblies if convenient interconnection 
points and J-Boxes are available. This is an added expense, and is only 
necessary if switchgear or monitoring circuits are located at these 
points. 

Varistors should also be provided on ungrounded DC 
lines in the main DC switch at the power conditioning (PC) room. If more 
than one set of DC lines is brought into the PC room, the varistors may 
be attached after the lines are paralleled. 

Varistors/Zener diode protection circuits should be 
provided on all data lines entering the building. If shielded cables are 
used, the circuit shown in figure III-3 should be sufficient to protect 
TTL type logic. 

All equipment cases in the PC room, as well as the 
outside disconnect switch case, should be grounded. 
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CHAPTER IV 

THERMAL AND MECHANICAL SYSTEM ANALYSIS 

A. INTRODUCTION 

After an initial feasibility analysis and concept development are 

performed, the PV-T designer should have a preliminary estimate of the 

economic array size and fraction of thermal and electric load provided. 

From this information, an initial field layout can be developed, based on 

the electrical characteristics of the collectors and inverter require

ments. Pre 1 imi nary values for the major thermal des i gn parameters can 

now be established, including the number of collectors in thermal series 

ina row, coolant fl ow rate through a row, the number of rows, heat 

exchanger sizing, cooling tower sizing, and manifold sizing. 

The thermal characteri st i cs of the array, such as average ope rat i ng 

temperatures, the temperature drop across a collector row, and the tem

perature difference between collectors wired in parallel, wi 11 determine 

the total array power output. Therefore, several iterat ions may be 

required between the electrical and thermal analysis to develop an 

optimum array layout in terms of the number of collectors in series and 

parallel. 

In this chapter, guidance is provided for the initial determinat'on 

of the collector coolant flow rate and for selection and sizing of 

various mechanical and thermal components. Once this preliminary sizing 

and field layout is complete, and the application of PV-T appears 

feasible both economically, and in terms of the load requirements, the 

designer should perform a more extensive analysis and economic study 

using a detailed system model such as SOLCEL-II. 

B. COOLANT FLOW RATE 

The array electrical output depends on the insolation, array temper-

ature, and the electrical parasitic power requirements. At higher flow 
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rates through each collector row, the array operates cooler and therefore 
at a higher efficiency; however, the pumping power increases as the cube 
of the mass flow rate, thereby decreasing the net electrical output. The 
net e 1 ectri ca 1 and thermal power output from an array can be determi ned 
for various flow rates and thermal string lengths using the annual col-
1 ectab 1 e energy curves presented in Chapter I1. In addition to these 
availability curves, the collector characteristics must be known, includ
ing electrical efficiencies. 

Collector efficiencies may be obtained from the curves provided in 
Volume I of this report. or from empirical data obtained from tests. 
E-System's line focus Fresnel lens system has been tested extensively and 
efficiencies may be determined as follows: 

0.131 - 0.0005 (T
f 

- 25°c) 0.00003 (I-700 W/m2) ne -
w/m2 °c 

(Eq. IV-i) 

0.62 - 0.8W 
{T f - Ta)/I (Eq. IV-2) nt 

= 
m20C 

where: nt is the total collector efficiency (thermal plus electric). 

I direct normal radiation (w/m2) 

Tf = average fluid temperature (oc) 

Ta = ambient temperature (oc) 

The efficiency curves in Volume II give relations for a typical 
linear parabolic trough as: 
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(Eq. IV-3) 

(Eq. IV-4) 

where nth is the thermal efficiency, and I is the direct normal radiation 

(Watts/m2) . 

Useful energy collected from a collector row is given by 

where: . 
qu . 
m 
Cp 

To 

T; 

q = m C (T - T.) 
U pOI 

= useful energy collected (watts) 
fluid flow rate (kg/sec) 

= fluid specific heat (Joule/kg °C) 

= outlet temperature (oC) 

= inlet temperature (oC) 

A c 

I = direct normal insolation (watts/m2) 

nth = thermal efficiency 
Ac = collector area per row 

(Eq. IV-5) 

The average fluid temperature is related to the inlet and outlet tempera
tUre by: 

(Eq. IV-6) 

The power required to pump the fluid through a collector row is 
given by: 
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W = 0.189 m~P 
p IIp 

where: 

and 

m = flow rate (m3/sec) 
~P = pressure drop (Pa) 
IIp = pump and motor efficiency 
Wp = pumping power (watts) 

~P = 0.051 f L (1 + Le) pv2 
d L 

where: 

(Eq. IV-7) 

(Eq. IV-B) 

L 

Le 

= 
= 

row length including piping length between collectors (meters) 
equivalent length of elbows, valves, etc. within the row 
(meters) 

d 

P 

V 

f 

= 
= 
= 

receiver section diameter (meters) 
fluid density (kg/m3) 
fluid velocity (m/sec) 
friction factor 

For a smooth pipe. the friction factor for turbulent flow can be 
obtained from the relation: 

f = (0.79 Ln Re - 1.64)-2 (Eq. IV-g) 

where: 
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Re pVD (Eq. IV-IO) 
g]1 

and 

0 = receiver section diameter (meters) 

]1 = fluid viscosity (Pa sec) 

g = 9.8 kg miN sec2 

For a given flow rate. inlet temperature. and average insolation • 

the outlet temperature may be calculated from equation IV-5. and the 

annual average array temperature from equation IV-6. The yearly col-

1 ectab 1 e energy can now be determi ned from the curves in Chapter 11. The 

annual available electrical and thermal energy can be obtained from 

equations IV-II and IV-12. respectively. in terms of gigajoUles/m2year. 

(Eq. IV-l1) 

Q - Q * F * n th - avg 0 CEq. IV-12) 

where Qavg(O) is the yearly collectable energy evaluated at X = O. and F 

and no were defined in Volume II, Chapter I. for the various collector 

types. 

The annual pumping power is obtained from equation IV-13: 

W (annual) 
p 

= ~ * 3600 * 12 * 365 
109 Ar: 

CEq. IV-l3) 

where 12 hours/day and 365 days/year of operation has been assumed, and 

Ar is the area of a collector row. The net electrical output is then 

obtained from equation IV-14. 

(Eq. IV-14) 
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By adjusting various parameters, such as flow rate through each row and 

row 1 ength, the optimum annual energy output per unit array area can be 
determined. The flow rate and row length should be chosen so as not to 

exceed the maximum allowable temperature rise for the particular col

lector; therefore, the temperature rise has been calculated for the max

imum insolation of 1000 watts/m2• 

Plots of annual electrical output, thermal output, and maximum tem-

• 

perature rise for a row of LFF collectors are shown in figures IV-1 • 

through IV-3. These curves were determined for a 200 C inlet tempera-

ture. Hi gher in 1 et temperatures wi 11 lower the e 1 ectri ca 1 and thermal 

output; however. the temperature rise and optimum flow rates are essen-

tially constant with inlet temperature. 

The thermal output of the collectors is essentially independent of 

flow rate and row length. The net electrical output has a broad maximum, 

with a peak fl ow rate of 3 x 10-4 m3/sec (5 gpm) to 8 x 10-4 m3/sec 

(12 gpm), depend i ng on the number of co 11 ectors per row and the average 

annual insolation. Thus, for a given number of collectors in a row (or • 

in a series) as determined by electrical considerations defined in the 

previous chapter, the maximum temperature rise and optimum flow rate can 

be determined. For a given inlet temperature, the maximum outlet temper-

ature may be determined and compared to the maximum allowable outlet tem-

perature for the array. The temperature difference can be used to 

determi ne the tot a 1 power loss, due to para 11 eli ng groups of co 11 ectors 

at different average temperatures. If this power loss is excessive, a 

different field layout and collector wiring scheme may be necessary. 

I n the next section, the optimum fl ow rate and row 1 ength wi 11 be • 

used to determine a preliminary heat exchanger size. 

C. HEAT EXCHANGER SIZING AND SELECTION 

1. Introduction 

Many solar applications require heat exchangers because the 

heat transfer fluid used in the collector field cannot be utilized 
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4-Module Arrays Per Row for the Line Focus Fresnel 
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directly in the load process. A closed-loop solar system allows the use 

of collector fluids that will not freeze and are less corrosive. or less 

prone to scal ing than the process fluid. Possible contamination of the 

process fluid is another factor in selecting a closed loop system. 

Incorporat i ng a heat exchanger into a solar system, however, introduces 

cost penalties associated with the exchanger, auxiliary piping, and 

increased pumpi ng power associ ated with the increased system pressure 

drop across the exchanger. An additional penalty is associated with the 

approach temperature: if a specified process temperature is required from 

the heat exchanger, the array must be operated at a higher temperature, 

which causes an overall decrease in array efficiency. If the array is 

operated at a low temperature, however, then additional auxiliary heat is 

necessary to attain the required process temperature. Thus, the objec

tive in designing an exchanger for a solar application, is to select and 

size the exchanger to optimize overall system thermal performance, 

pumping power penalties, and heat exchanger capital and maintenance 

costs. 

Two generic types of heat exchangers are available for the low 

pressure and temperature PV -T app 1 i cat i on--tubul ar and plate type heat 

exchangers. The shell-and-tube is the most commonly used tubular type 

heat exchanger. This type consists of a cylindrical shell with a bundle 

of tubes passing from one end to the other (figure IV-4). One stream 

passes through the tubes and the other through the shell, with heat 

transfer occuring through the tube walls. 

Appreciable savings in cost. weight. and space may be gained 

with plate exchangers. The plate-and-frame is the most commonly used, 

and consists of a series of plates tightly squeezed together in a frame 

wi th gasket i ng to prevent external 1 eakage and 1 eakage between plates. 

In operation. the hot and cold streams flow in alternating interplate 

spaces, with heat transfer taking place through the plates (figure IV-5). 

The two heat exchangers are compared in table IV-I, and 

discussed in more detail in the following sections. A genera 1 cost 

comparison is provided in figure IV-6 which indicates that a tubular 
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Figure IV-5. Plate and Frame Heat Exchangers (Courtesy of Alfa-Laval) 

IV-12 

• 

• 

• 

• 



• 

• 

• 

• 

• 

THE BOM CORPORATION 

TABLE IV-l. QUALITATIVE COMPARISON OF SHELL AND 
TUBE AND PLATE HEAT EXCHANGERS 

P & F S & T 

PRESSURE RATING LOW HIGH 

TEMPERATURE RATING ANY PV-T ANY PV-T APPLICATION 
APPLICATION 

SPACE REQUIREMENTS 
OPERATION SMALL MODERATE 
MAINTENANCE SMALL LARGE 

MATERIALS OF CONSTRUCTION ANY EXCEPT ANY 

FLU IO HEAD LOSS 

EFFICIENCY 

MAINTENANCE 

COST 

F i gu re I V -6. 

N 
:;; 
a: 
w 
[l. 

Iii o 
u 

CARBON STEEL 

LOW MODERATE 

HIGH MODERATE TO HIGH--REQUIRES 
TRADE-OFF WITH HEAD LOSS 

EASY DIFFICULT 

MODERATE LOWER FOR MILO STEEL 
CONSTRUCTION--HIGHER FOR 
OTHER MATERIALS 

1. TUBULAR, ALL STAINLESS STEEL 
2. TUBULAR, STAINLESS STEEL TUBES, MILD STEEL SHELL 
3. TUBULAR, ALL MILD STEEL 
4. PLATE, STAINLESS STEEL 

50 100 150 200 250 300 

HEAT TRANSFER AREA, M2 

FOR SAME MATERIAL, PLATE EXCHANGER COSTS LESS 

B OMI A-82-458-TR-R 1 

Cost Comparison of Plate and Shell-and-Tube Heat Exchangers 
(Excerpted by Special Permission from CHEMICAL ENGINEERING 
(Aug. 11, 1980) Copyright 1980, by McGraw-Hill, Inc., New 
York, NY, 10020). 
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exchanger of mild steel (or carbon steel) construction is less expensive 
than a plate exchanger on a cost per unit area basis. However, if the 
application requires corrosion resistant materials, the plate exchanger 
becomes more economical. Another consideration is that the required heat 
transfer area of a plate exchanger is usually less than that of a tubular 
exchanger. thereby decreasing the total exchanger cost. Before the 
various design and evaluation techniques are developed, a description of 
the heat exchangers would be useful. 

2. Types of Heat Exchangers 
Tubular and plate heat exchangers are the subject of this 

sect i on. These exchangers are most appropri ate for solar app 1 i cat ions 
where the fl u i ds are not corros i ve, and 1 i qu i dis on both sides of the 
exchanger. 

a. Tubular Heat Exchangers 
There are more tubu 1 ar heat exchangers in use than any 

other type because they offer the widest variety of sizes and styles, and 
the technology and manufacturing capability is well established. The 
widespread use of tubul ar exchangers, their relatively low cost, their 
familiarity with users, and many years of satisfactory service are 
reasons they are chosen for most new developments. 

Although tubular exchangers are designed for various 
duties including liquid/gas, gas/gas, condensing and boiling, the PV-T 
application is liquid/liquid. Hot fluid from the array, either oil or 
more typically. ethylene glycol and water, is on one side of the 
exchanger and is used to heat the process water. Both fluids are pumped 
through the heat exchanger, so the pri nci pa 1 mode of heat transfer is 
forced convection. The high density of 1 iquids results in very high 
rates of heat transfer, so there is little incentive to use fins or other 
devices to enhance the heat transfer. 

Two types of tubu 1 ar heat exchangers are appropri ate for 
PV-T applications--double-pipe and shell-and-tube exchangers. The double 
pipe exchanger, shown in figure IV-7, consists of a central tube 
contained within a larger tube and is widely used for small capacity 

IV-14 

• 

• 

• 

• 

• 



• 

• 

THE 80M CORPORATION 

systems. Typically, if the surface area falls in the range of 

2m2 ~ A ~ 50 m2(~20 ft2 ~ A ~ 500 ft 2), then double pipe units should be 

considered. Pure counterflow can be achieved in such units, thereby 

providing close approach temperatures and high exchanger effectiveness. 

It is fairly inexpensive, easy to manufacture, and offers great flexi

bi 1 i ty since it can be made any 1 ength, and the tubes can be selected 

from a wide variety of sizes and materials. Such exchangers are usually 

operated with high temperature and pressure, and high density or corro

sive fluid in the small inner tube, and the less demanding fluid (water) 

in the outer tube. This minimizes the requirements for thick-wall, 

expensive alloy materials for the larger outer tube • 

. @ ~ 
BDM/A-82458-TR-R1 

Figure IV-7. Double-Pipe Heat Exchanger 

Occasionally, to increase capacity or reduce the length 

requ ired, more than one i nterna 1 tube is incorporated withi n the outer 

tube enclosure. The most common form of multi-tubular heat exchangers is 

the she ll-and- tube exchanger shown in fi gure IV-4. These systems are 

typically used when areas greater than 50 m2 (~500 ft2) are required. 

She ll-and-tube heat exchangers are avail ab 1 e ina vari ety 

of designs, three of which are shown in figures IV-B, IV-9, and IV-IO. 

• Differences between the various types of exchangers include design or 

construction features which facilitate cleaning the inside or outside 

tube surfaces, and to accommodate differential thermal expansion. Each 

type of exchanger has its advantages and limitations. 

• 
The fixed tubesheet design has a low initial cost and the 

individual tubes are replaceable and easily cleaned; however, the unit is 

sens it i ve to temperature excurs ions and cycl i ng, produci ng different i a 1 

expansion between the tubes and shell • 
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Figure IV-B. Fixed Tube Sheet Design 

Figure IV-g. "U" Tube Design 
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Figure IV-10. Floating Head Pull-Through Bundle Type 

IV-16 

• 

• 

• 

• 



• 

• 

• 

• 

• 

THE BDM CORPORATION 

The U-tube design also has a low first cost since it 
employs only one header and one tubesheet, and no expansion joint is 
required, as the tubes can expand without creating thermal stresses. 
Thi s des i gn is usually restri cted to cl ean tubes ide serv i ce due to the 
difficulty in cleaning. 

Floating head designs are widely used for fluids that have 
fouling tendencies on both shellside and tubeside, since the tube bundle 
is removable. This exchanger can also accommodate differential tube 
bundle expansion; however, it is more costly than the fixed tubesheet or 
U-tube designs. 

A great variety of shellside and tubeside flow arrange
ments are used in tubular exchangers. The arrangement chosen represents 
a compromise between the maximum temperature differentials between 
fluids, costs, pressure drops, fouling of heat exchanger surfaces, the 
desired heat exchanger effectiveness, and space limitations. Axial 
counterflow is the ideal configuration from thermal considerations, since 
in this arrangement the temperature differential between the fluids is 
minimal, and very high thermal effectiveness values can be achieved. In 
cocurrent flow, the hot fluid cannot be cooled below the cold fluid 
outlet temperature; thus, the ability to recover heat with cocurrent flow 
is limited. In either case, space limitations may prevent the use of 
such an exchanger, and the requ i rement for baffles to support the tut-es 
will disrupt the uniform parallel shellside flow. 

In addition to the single pass arrangement, various multi-
pass flow arrangements are possible. In these exchangers there is a 
combination of cocurrent, countercurrent, and crossflow, resulting in a 
temperature difference greater than that for counterflow, but less than 
that for cocurrent flow. One of the most common multipass systems is the 
simple U-tube bundle with two tube passes and one shell pass. This 
provides a shorter, thicker equivalent to the single tube/single shell 
pass counterflow exchanger, with the advantage that all fluid connections 
are at one end of the exchanger. Large exchangers with as many as four 
tube passes and one or two shell passes are available, but greater 
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thermal effectivess can be achieved by combining two exchangers in series 
or para 11 e 1. 

As indicated previously, baffles are used on the shellside 
for tube support as well as increasing the turbulence, and therefore, the 
heat transfer abil ity of the she 11 side fl ui d. There are many a 1 terna
tives available regarding baffle arrangement and baffle type. The 
segmented baffle is the most common, and provides a high degree of 
turbulence and good heat transfer rates for the pressure drop and power 
consumed. Segmented baffl es are simply di scs with a segment removed. 
Baffle cuts are expressed as a percentage of total baffle diameter cut 
out. A 20 percent diameter cut is considered optimum because it permits 
the highest heat transfer for a given pressure drop. Segmented baffles 
are arranged so the cut edges of alternate baff 1 es are at 1800 , thereby 
causing the shellside fluid to flow over the tubes in crossflow as it 
progresses axially down the shell. Recommended maximum baffle spacing is 
the shell diameter, or 0.76 m (30 in), whichever is smaller. Recommended 
minimum spacing is one-fifth shell diameter or 5.08 cm (2-in), whichever 
is 1 arger. I n the majority of cases the baffl e spaci ng ranges from 0.3 
to 0.5 times the shell diameter. 

Baffles have hole patterns identical to the end tube 
sheets to support the tubes. The tubes are generally arranged on a tri
angular, square, or rotated square pattern (figure IV-11). Triangular 
tube patterns provide better shellside heat transfer coefficients in sen
sible heat exchangers, and more surface area for a given shell diameter. 
Square-pitch tube patterns are generally used when mechanical cleaning of 
the outside of the tubes is necessary or expected. Square and rotated
square tube patterns, however, provide lower pressure drops, and there
fore, correspondingly lower heat transfer coefficients. 
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TRIANGULAR SQUARE 

FLOW DIRECTION 

ROTATED 
SQUARE 

BDM/ A-82-458-TR-R1 

Figure IV-II. Tube Arrangements Used for Shell-and-Tube Heat Exchangers 

Heat exchangers with small-diameter tubes 1.59 to 2.54 cm 

or (5/8-in to I-in 00) are generally more economical than designs with 

1 arger tubes because the smaller tubes provi de a more compact uni t. 

However, the use of such small tubes may be prohibited if the allowable 

tubeside pressure drop is low. Under equal velocity conditions, smaller 

tubes increase the heat transfer coeffi ci ent as well as the pressure 

drop. 

The selection of which fluid to pass on the shellside and 

which on the tubeside, involves a number of factors and is generally a 

compromise of conflicting requirements. Some considerations include: 

(1) Pressure. The wall thickness required (and therefore, the 

weight and cost of the material) to contain a given pressure 

increases directly with the diameter. Hence, high pressure 

fluids should be contained in the tubes. 

(2) Temperature. High temperatures reduce the permissible stress 

1 eve 1 s of materi a 1 s, so a greater wall thi ckness is requ ired. 

The effect is simil ar to pressure, so the hi gh temperature 

fluids should be in the tubes. Moreover, if the high temper

ature fluid is in the shell, additional insulation may be 

required to conserve energy, or for safety considerations. 

(3) Corrosive Fluids. Corrosive fluids require the use of special, 

and therefore, expensive alloys or other materials. If only 

one of the fluids is corrosive, passing it through the tubes 
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wi 11 e 1 imi nate the need for an expens i ve alloy shell. Both 
tubes and shells of corrosion resistant material will be 
required if the corrosive fluid is in the shell. 

(4) Uncontaminated Fluids. Processes with above-average require
ments for cleanliness may require the use of special materials. 
It will be less costly to provide special tubes, than both 
tubes and shell. 

(5) Hazardous or Expensive Fluids. Fluid leakage is less likely 
from tubeside than shellside in most types of exchangers. 

(6) Pressure Drop. For the same pressure drop, higher heat 
transfer coefficients are obtained on the tUbeside. A fluid 
with a low allowable pressure drop should generally be placed 
inside the tUbes. 

(7) Fluid Viscosity. To maximize heat transfer, both fluids should 
be in turbulent flow. Fluids of high viscosity may be laminar 
in the tubes, but turbulent in the shell (depending on the 
clearance space between the tubes). If the flow is laminar in 
both shell and tubes, the more viscous fluid should be in the 
tubes, since more reliable heat transfer and flow distribution 
predictions can be made. 

(8) Mass Flow. In general, it is better to put the fluid with the 
lower mass flow on the shellside. Turbulent flow is obtained 
at lower Reynolds numbers on the shellside. Furthermore, the 
complexity of multipass construction may be avoided with a con
sequent improvement in exchanger effectiveness. 

(9) Cleaning. The shell inner surface and tube outer surface are 
more difficult to clean than the tube internal surface. There
fore, the cleanest fluid should be put through the shell. 
b. Plate Heat Exchangers 

Pl ate heat exchangers are used 1 ess often than tubu 1 ar 
exchangers, but have characteristics that offer significant advantages 
over shell and tube exchangers for certain applications. There are 
severa 1 types of plate exchangers, but the p 1 ate-and-frame is the most 
applicable for a liquid/liquid PV-T application. 
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A plate exchanger consists of a frame and corrugated, or 

embossed metal plates. The frame includes a fixed plate, pressure plate, 

pressing arrangement, and connecting ports. A series of plates are 

clamped together so the corrugations interlock to form narrow flow 

channels, which produce turbulence even at low velocities. The corruga

tion also increases the rigidity of the thin plate, enabling it to better 

withstand distortion from high pressure. The numerous support points 

also minimize pressure deflection. 

Turbulence is achieved in plate exchangers at Reynolds 

numbers from 10 to 500 (in smooth-pipe laminar flow, Reynolds numbers 

range up to 2,100) because the corrugation breaks down the stagnant insu

lating film at the heat transfer surface. This, combined with the thin 

plate and lower fouling factor, contributes to the plate exchanger's 

higher heat transfer coefficients than those of the shell-and-tube 

exchanger at the same Reynolds number flowrate. Overall heat transfer 

coefficients of 2270 w/m2 °c to 5674 W/m20C (400 to 1000 BTU/hr ft2 of) 

can be obtained. Temperature approaches of the plate exchanger can be as 

low as 10C, making it ideal for high recovery of energy. whereas the 

practical limit for the shell-and-tube exchanger is about 50C. The 

number and size of heat transfer plates chosen depends on the flowrate, 

temperature changes, allowable pressure drop, and physical properties of 

the fluids. 

Gaskets allow the two fluids to be arranged in counter

current fl ow, and fl ow vo 1 urnes can be d i v i ded into a number of para 11 e 1 

streams. They also seal the plates at their outer edges and around the 

ports, which are designed so the inlet port can be at the top or bottom. 

Furthermore, gaskets provide a double seal between the 1 iquid streams, 

mak i ng mi xing i mposs i b 1 e. The interspace between the sea 1 sis vented 

into the atmosphere, giving a visual indication of leakage and an escape 

path for the fluid. Manufacturers have evolved proprietary corrugations 

and embossed patterns for optimizing heat transfer and pressure drop 

characteristics. Plate size and thickness and frame design are, there

fore, related to the particular type of corrugated or embossed pattern • 
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At present, there are no common plate-exchanger design standards 

comparab 1 e to those of the Tubu 1 ar Exchanger Manufacturers Associ at i on 

(TEMA) for she ll-and-tube exchangers. Pl ates can be made from materi a 1 

that can be cold worked, regardless of its welding characteristics. 

Common plate materials include stainless steel, titanium, nickel, Monel, 

Incoloy 825, Hastelloy C, phosphor bronze, and cupro-nickel. Titanium

stabilized materials provide greater corrosion resistance. Plate 

thi cknesses range from 0.5 to 3 mm. Average gaps between the plates run 

from 1.5 to 5 mm, giving typical hydraulic diameters of 4 to 10 mm. 

Plate sizes vary from 0.03 to about 1.5 m2• Total surface areas extend 

from 0.03 to about 1,500 m2• The largest plate exchanger available 

handles flows to 2,500 m3/hr (11,000 gpm). 

A lthough the plate heat exchanger has operat i ng 1 imita

tions for the chemical process industry, the requirements of a PV-T 

appl ication are well below these 1 imits. The upper 1 imit on operating 

pressure is determi ned by the end plates and gaskets and is current ly 

about 2.4 MPa (350 psi). The gasket material limits the maximum oper

ating temperature to about 2500 C. 

Some of the possible flow patterns in plate exchangers are 

illustrated in figure IV-12: (a) series flow, in which a continuous 

stream changes di rect i on after each vert i ca 1 path; (b) para 11 e 1 flow, in 

which the stream divides and then reconverges; (c) a loop system, in 

which both streams flow in parallel; and (d) a combined series-parallel 

flow. In the latter case, one stream has a flow rate twice that of the 

other stream. The numbe'r of para 11 e 1 passages is set by the exchanger 

output and the allowable pressure drop. Of course, the larger the number 

of parallel passages, the lower the pressure drop. The number of series 

passages is determined by plate efficiency and heat exchanger require

ments. Pure countercurrent flow can be achieved in looped-flow when both 

streams have nearly the same flow rates. If the fl ow rates differ 

sign if i cant ly, however, then a 1 ternati ve mu It i pass arrangements may be 

necessary as indicated in figure IV-12(d). In such a situation, the 

effectiveness is decreased since the flow is now a combination of 

countercurrent and cocurrent flows. 
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a, SERIES FLOW 
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4 CHANNELS/PASS 
7 THERMAL PLATES 
9 PLATES TOTAL 

d, COMPLEX FLOW 
4 PASS - 2 CHANNELS/PASS 
2 PASS - 4 CHANNELS/PASS 
13 THERMAL PLATES 
15 PLATES 
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Figure IV-12. Plate Heat Exchanges Flow Patterns 
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Pressure drop is another important parameter; 1 imits are 

normally imposed by both process and pumping cost limitations. The most 

economic designs are normally obtained by utilizing the maximum available 

pressure drop, while achieving the highest practical heat transfer 

coefficient. The number of passes in a heat exchanger should be kept as 

low as possible to make the most effective use of pressure drop as return 

bends increase the pressure drop without contri but i ng to heat transfer. 

The advantage of modern plate exchangers in this respect is that they can 

be designed for most duties, such as single pass units, using variable 

geometry plates. The limiting flow factor for gasketed plate heat 

exchangers can be pressure drop losses in connections, as maximum 

connection sizes up to 0.4 m (16-in) are presently commercially 

available. It can be demonstrated that optimum economic conditions are 

achi eved when pressure drops of 2 x 104 to 1 x 105 Pa (3 to 15 ps i) per 

heat transfer unit are employed. 

A major advantage of plate and frame heat exchangers is 

the accessibility of the heat exchanger surface. The movable cover may 

be rolled back along the frame and the plates separated for inspection 

and cleaning. The high turbulence in a plate exchanger also minimize 

fouling compared to tubular exchangers. These two factors minimize main

tenance costs. Other advantages of plate and frame exchangers include: 

(1) Only one-third to one-half the surface area for heat transfer 

is required so that savings in cost can be realized. The 

reduced surface area comes about due to the relatively high 

turbulence achieved in the corrugated flow paths between the 

plates, and increased exchanger effectiveness because of true 

countercurrent flow and because of reduced fouling (claimed to 

be one-tenth to one-third that of shell-and-tube exchangers) as 

a result of the turbulent fluid action and polished surface 

finish of the plates. 

(2) The reduced surface areas necessary permit substantial savings 

in the space requ i red for plate and frame heat exchangers. 

Little clearance space around the exchanger is required to 
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by: 

facilitate dismantling for cleaning, compared with the 
exchanger length required to permit withdrawing a tube bundle. 

(3) The improved exchanger effectiveness from countercurrent flow, 
results in closer approach temperatures, a particularly signi
ficant feature in heat recovery systems. 

(4) The thermal rating of the plate and frame exchanger can be 
readily increased or decreased by varying the number of plates . 
This is a most attractive feature for systems likely to involve 
substantial future changes in load. 

(5) The internal void volume of a plate and frame heat exchanger is 
only 10 to 20 percent of the equivalent tube and shell 

(6) 

exchanger. Less process media is involved so that better 
process control and faster response times can be achieved. 
The redu ced surf ace requ i rement and vo 1 ume of flu i d conta i ned, 
combine to reduce the gross mass of the plate and frame 
exchanger to approximately one-sixth of the equivalent shell 
and tu be exchanger. Further savings result from lower ship-
ping, installation, and foundation costs. 

3. Heat Transfer Relations 
The heat transferred across a heat exchanger, Q(watts) is given 

Q M C (Th · - Th ) a pa ,I ,0 

where Ma, Ml are mass flow rates; Cpa' Cpl are speCific heats; Th,i' Tc,i 
are inlet temperatures; and Th ,T are outlet temperatures on the 

,0 c,o 
array (hot) side, and load (cold) side, respectively. A capacity rate 
can be conveniently defined as: 
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M C a pa 

(Eq. IV-I6) 

For a heat exchanger of infinite area, the heat transferred would be a 
maximum given by 

W . mln (T
h 

. - T .) 
, 1 e, 1 

(Eq. IV-17) 

where Wmin is the minimum of the two capacity rates. 
The exchanger heat transfer effectiveness is defi ned as the 

ratio of actual heat transferred across the heat exchanger, to the 
maximum possible heat transfer. Thus: 

W (T h . - Th ) a ,1 ,0 
= 

WI (T - T . ) e,a e,l 
W. (T

h
. - T .) mIn ,1 e,l W. (T h . - T . ) mln ,1 e,l 

(Eq. IV-I8) 

The number of heat transfer units, NTU, is a nondimensional expression of 
the "heat transfer size" of the exchanger and is defined as: 

NTU UA 
W . mln 

where U is the overall average heat transfer coeffi ci ent of the heat 
exchanger based on the heat transfer area A. The effectiveness is 
related to NTU and the capacity rate ratio, as indicated in figure IV-I3 
and equation IV-19 for countercurrent flow conditions. This relationship 
depends on the particular heat exchanger geometry, and relations for a 
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large variety of geometries are given in reference IV-I. 

e: = 

where: 

R 

1 _ e-NTU(l - R} 

1 _ Re-NTU(l - R} 
CEq. IV-19) 

If the flow capacity rates on both sides of the exchanger are equal then: 

NTU CEq. IV-20) e: = 1 + NTU 

From figure IV-13 one can see that when NTU is small, the 
exchanger effect i veness is low, and as NTU increases, the effect i veness 
approaches assymptot i ca lly the 1 imi t imposed by the flow arrangement and 
thermodynamics. 
equation IV-lB. 

Increasing the NTU incurs a cost, as indicated by 
The costs may be in terms of capital costs and space as 

the transfer area increases, or in terms of pump i ng power costs as the 
pressure drop increases to obtain a higher overall heat transfer 
coefficient. 

The friction factor and, therefore, the pressure drop, is 
related to the convective heat transfer coefficient; however, this rela
tionship depends on the flow geometry. These relations, and methods of 
calculating heat transfer coefficients, will be discussed in the 
following sections for particular exchanger geometries. 

Another technique for calculating the heat transfer between 
fluids is the log-mean-temperature approach where the heat transferred is 
given by: 

Q = U A F t.TLM CEq. IV-21) 
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Figure IV-13. Heat Transfer Effectiveness as a Function of 
Number of Transfer Units and Capacity Rate 
Ratio; Counterflow Exchanger 

where U is the overall heat transfer coefficient (W/m2 °C) based on a 

heat transfer area A and lITLM is the log-mean-temperature difference 

(LMTD) given by: 

(Th . 
I 1 

Q.n ( ~ h, i ~ ~ e I ~ ) 

h,o e,l 

(Eq. IV-22) 

An equivalent definition of NTU, based on the LMTD. is given in equation 

IV-23 where liT is the max imum temperature difference for either of the 

flow streams (i .e •• the difference between the inlet and outlet of the 

stream with the minimum capacity rate). 

NTU liT 
= lITLM 

(Eq. IV-23) 
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The factor F in equation IV-21 is a correction factor to 
account for various combinations of countercurrent, cocurrent. and cross
flow in multipass exchangers. In pure countercurrent flow, F equals 
unity. Graphs for determining F are given in reference IV-2 for several 
flow geometries for shell-and-tube exchangers. LMTD correction factors 
for multipass plate exchangers are given in reference IV-3. 

a. Shell and Tube Exchangers 
Typical values for overall heat transfer coefficients for 

fluids 1 ikely to be used in PV-T industrial or commercial appl ications 
are shown in table IV-2 for shell-and-tube exchangers. The overall heat 
transfer coefficient is based on the exterior tube surface and can be 
defined as: 

1 D D D 1 Rf·D = ___ 0_ + 0 ~n ~ + __ + ,1 0 + R 
lio h.D. 2k D. h D. f,o 

1 1 1 0 1 

(Eq. IV-24) 

where: 

Do' 0i 
ho' hi 

k 

= outside and inside tube diameters 
= outside and inside heat transfer coefficients 
= tube wall thermal conductivity 

Rf ,Rf . = outside and inside fouling factors 
,0 ,1 

Uo = overall heat transfer coefficient 

TABLE IV-2. TYPICAL OVERALL HEAT TRANSFER COEFFICIENTS 
FOR TUBULAR EXCHANGERS 

OVERALL HEAT TRANSFER COEFFICIENT 
TUBESIDE FLUID SHELLSIOE FLUID W/m20C (BTU/hr ft2O F) 

WATER WATER 1136 - 1420 (200 - 250) 
WATER DEMINERALIZED WATER 1700 - 2840 (300 - 500) 
HEAT TRANSFER OIL WATER 284 - 710 (50 - 125) 
ETHYLENE GLYCOL/ 

WATER MIXTURE WATER 680 - 965 (120 - 170) 
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Fou 1 i ng factors account for the reduced heat transfer effi ci ency due to 
sca 1 i ng and wi 11 be di scussed ina 1 ater section. The therma 1 conduc
tivity of the tube material is readily available. Typical materials 
include mi ld steel (45 W/m 0c), stainless steel (16.3 W/m 0c), and brass 
(104 W/m 0C). 

The inside heat transfer coefficients can be calculated 
using the Dittus-Boelter equation: 

Nu. 
1 

h.D. 
1 1 

= --k- 0.023 Re.O.apr.O.33 
1 1 

where Pr is the Prandtl number, and: 

p.V.D. 
Re. = 1 1 1 

1 11 i 

Pi = density of the fluid inside the tubes 
11; = viscosity of the fluid inside the tubes 
Vi = fluid velocity 

(Eq. IV-25) 

(Eq. IV-26) 

This relation assumes turbulent flow inside the tubes (Re > 2100). Tur
bulent flow should be a requirement for heat exchanger design since heat 
transfer is most efficient under turbulent conditions. 

The calculation of the shellside heat transfer coefficient 
is more compl icated and is highly dependent on the flow geometry (ref. 
IV-4). This outside coefficient is calculated from equation IV-27 where 
the factor 0.6 accounts for deviations from true crossflow due to baffle 
leakage and tube bypassing. 

(
D 0 ~ s ) ° . 6 (~k ) 0. 33 

ho = (0.33)(0.6) Dk ~ 
o 

(Eq. IV-27) 
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where: 
k shellside fluid thermal conductivity 

Do = tube outside diameter 

~ = shellside fluid viscosity 

Cp = shellside fluid specific heat 

Gs = mass flow rate per unit of free area (~s/as) 

~s = total shellside mass flow rate 

as = open area for crossflow 

D s C B 

as p 

Ds inside shell diameter 

D s '" 1.75 D (nN ) 0.47 
o pt 

C = minimum tube spacing 

C p - D 
0 

P = tube pitch 
B baffle spacing 
n number of tubes per pass 
Npt = number of tube passes per shell 

(Eq. IV-28) 

(Eq. IV-29) 

(Eq. IV-30) 

For both triangular and square pitch arrangements, the tube pitch may be 
assumed to be 1.25 times the tube outer diameter. This is a standard 
pitch used in the majority of shell-and-tube heat exchangers. The shell 
diameter determined from equation IV-29 is for a floating head exchanger. 
The diameter will differ slightly for a fixed tubesheet, U-tube, or 
multipass shell; however, for initial calculations equation IV-29 is 
adequate. 
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The pressure drop in the exchanger is as important as the 
heat transfer. Increasing the flow rate on the tube or shellside, 
increases both the heat transfer coefficient and the pressure drop across 
the exchanger. Increasing the pressure drop produces an increasing 
parasitic power loss on the PV array output. Therefore, a trade-off must 
be made between the heat transferred and the paras i tic pumpi ng power in 
the exchanger. Empirical pressure drop relations have been developed for 
initial rating of heat exchangers (ref. IV-5), and are reproduced in 
equations IV-31, IV-32, and IV-33. These empirical relations were devel
oped in English units since these are the usual units used by U.S. manu
facturers and design engineers. 

Tubeside for 2100 < He ~ 10,000 

Npt [Lo/Di + 25] [ Re -2/3 - 125] 

3 {50.2 D.} 
1 

(Eq. IV-31) 

Tubeside for Re > 10,000 

L',p = 

(Eq. IV-32) 

Shellside, crossflow 

t,p = 0.326 {W )2 
S 0 

(Eq. IV-33) 
o 
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where: 
5i , 
Z. 

1 

Wi' 
Di' 
Lo 
B 
n 
Npt 

So specific gravity of tubeside and shellside fluids 
tubeside fluid viscosity, CP 

Wo = tubeside and shellside mass flow rates, (lb/hr)/1000 
Os inside tube and shell diameters, inches 

length of shell, feet 
baffle spacing, inches 
number of tubes per pass 
number of tube passes per shell 

If a U-tube exchanger is being considered, then the term (Lo/Di + 25) in 
equations IV-31 and IV-32 should be replaced by (Lo/Di + 16). 

For preliminary heat exchanger slzlng, the following 
values are typical for optimizing the trade-off between heat transferred 
and pumping power costs: 

Tubeside velocity: 1.8 - 3.05 mlsec (6-10 ftlsec) 
5hellside velocity: 0.3 - 0.9 mlsec (1-3 ftlsec) 
Tube size: 1.59 - 2.54 cm (5/8-1 in) 
Tube length: 4.9 m (16 ft) 

Baffle spacing: 0.3 ° < B < 0.5 ° s - - s 
b. Plate Heat Exchangers 

The modern plate heat exchanger is rapidly becoming widely 
used as a heat transfer device. The major deterent to the further use of 
plate exchangers is the general lack of design information. The complex
ities and variety of plate designs, and the abil ity to combine various 
corrugation patterns to obtain desired exchanger characteristics, 1 imit 
the appl ication of available information on plate exchangers. Manufac
turers each have their own proprietary plate designs and analytical tech
ni ques to determi ne heat transfer coeffi ci ents, and pressure drops, and 
to develop an optimum exchanger design for a required duty. 

The high degree of turbulence produced by the plate corru
gations, and the small gap spacings which give small hydraulic diameters, 
combine to produce high overall heat transfer coefficients of 2270 W/m20C 
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to 5674 W/m20C (400 to 1000 BTU/hr ft2 of). A widely used correlation 
for estimating film coefficients for turbulent flow in plate exchangers 
is (ref. IV-3): 

h 0.2536 k (Re)0.65 (Pr)0.4 = 
D e 

where: 

pVD 
Re e = )l 

and De' the hydraulic diameter, is given by: 

where: 

D e 
4Wb 

2W + b 

W = channel width 
b = distance between plates 

(Eq. IV-34) 

(Eq. IV-35) 

(Eq. IV-36) 

Since b is negligible in comparison with W, equation IV-36 reduces to: 

D ~ 2b e (Eq. IV-37) 

For laminar flow (Re < 400) the Jackson correlation (ref. 
IV-3) may be used: 

h = 0.742 C
p 

G {Re)-0.62 
( 

0.14 

(Pr)-0.667 )l~:) 

where: 
G = mass flow rate of the fluid in the channel, kg/m2 sec 

)lav = fluid viscosity at the average fluid temperature 

IV-34 
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~w fluid viscosity at the plate temperature 
Cp fluid specific heat, KJ/Kg °c 

The pressure drop in a plate exchanger can be estimated by 
equation IV-39: 

where: 

ll.P = 

f 
2.5 

Re O• 3 

(Eq. IV-39) 

(Eq. IV-40) 

L = length of the flow passage (or plate) 

These equations represent highly simplified situations. 
Any accurate estimation of pressure drops should take into account plate 
geometry and pressure losses in the ports. These relations will allow an 
approximate sizing of a plate heat exchanger, and pressure drop 
determi nat i on for the ana lys is of a PV-T system. More detailed s i zi ng 
and pressure drop optimization calculations must be performed by the 
exchanger manufacturers. 

In assessing the performance of plate exchangers, the term 
"specific pressure drop" (J) is usually used. This is defined as the 
pressure drop per NTU. 

ll.P 
J = NTU (Eq. IV-41) 

The specific pressure drop is an empirically obtained value defined in 
terms of the heat transfer coeffi ci ent for a channe 1 (h), or the overall 
heat transfer coefficient (U). While the values of NTU achieved per pass 
for various plate types varies greatly (0.15 to about 4), figure IV-14 
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(ref. IV-5) shows that most plates (shaded area) have a very simi 1 ar J 
versus h (channel heat transfer coefficient) relationship. In this case. 
NTU is defined for the individual channel: 

where Ap is the plate area. 

1.0,."'-r-------,-------, 

0.' 

THE USUAL PLATE 
HEAT EXCHANGER .... , , 

" 

'.0 
SPECIFIC PRESSJ"E DROP. J, I"SI/NTU 

10,0 

8DMI A·82·458·TR·R1 

Figure IV-14. Specific Pressure Drop Versus Channel 
Film Heat Transfer Coefficient 

Relationships between effectiveness (£) and NTU for loop and series flow 
arrangements have been developed by Jackson and Troupe (ref. IV-7). The 
relation for countercurrent loop flow is shown in figure IV-15. As the 
number of channels increase. the £-NTU curves move toward the limiting 
case of pure countercurrent fl ow. Thus. for pre 1 i mi nary heat exchanger 
sizing calculations. pure countercurrent flow may be assumed with the 
effectiveness calculated from equation IV-19. Typical ranges of plate 
exchanger parameters are as follows: 

Plate thickness: 0.05 - 0.3-cm (0.02 - 0.12 in) 
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Channel width: 0.2 - 0.5-cm (0.08 - 0.2 in) 
Effective diameter: 0.38 - 1.0-cm (0.15 - 0.4 in) 
Overall heat transfer coefficient: 2270 - 5674 W/m2 °c 

(400 - 1000 BTU/hr ft2 of) 

Pressure drop: 4.8 x 104 - 8.3 x 104 Pa (7 - 12 psi) 
Flow velocities: 0.3 - 0.9 m/sec (1 - 3 ft/sec) 
Plate surface area: 0.028 - 1.5 m2 (0.3 - 16 ft2) 
Specific pressure drop: 3 x NTU - 15 x NTU 

0.' 
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i ;' *@ , ------0.' 

-
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I L 
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0.3 

0,25 
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• 

Figure IV-15. Countercurrent £-NTU Relations for Loop Patterns 

c. Foul ing 
In servi ce, most heat exchangers suffer some progress i ve 

loss of heat trans fer performance due to fou 1 i ng. The term "fou 1 i ng" 
refers to any deposit on a heat transfer surface which increases the 
thermal resistance of the surface. Generally, the fouling resistance, or 
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fouling factors (Rfi and Rfo in equation IV~24). are chosen based on 
experience. Typical foul ing factors are shown in tables IV~3 and IV-4 
for shell and tube and plate heat exchangers. 

TABLE IV~3. TYPICAL FOULING FACTORS FOR SHELL
AND-TUBE HEAT EXCHANGERS 

TYPE OF FLU ID 

OISTI LLED WATER 
TREATED BOILER FEEDWATER 
CITY WATER BELOW 520C 
CITY WATER ABOVE 520 C 
HEAT TRANSFER MEDIA 

0.003 
0.006 
0.006 
0.011 
0.006 

FOULING RESISTANCE 
of ft2hr/BTU 

0.0005 
0.001 
0.001 
0.002 
0.001 

TABLE IV~4. TYPICAL FOULING FACTORS FOR 
PLATE HEAT EXCHANGERS 

TYPE OF FLU ID 

DISTILLED WATER 
SOFT CITY WATER 
HARD CITY WATER 
COOLING TOWER WATER (TREATED) 
HEAT TRANSFER OILS 

0.0006 
0.0011 
0.0028 
0.0023 
0.0017 

FOULING RESISTANCE 
OF ft2hr/BTU 

0.0001 
0.0002 
0.0005 
0.0004 
0.0003 

The assumption of constant values for the fouling factors 

• 

• 

• 

impl ies that a new exchanger instantaneously deteriorates to the fouled • 
condition. There is, however, a substantial time lag before the fouling 
resistance approaches the design value arbitrarily selected from some 
experience based source. When first put into service, the clean heat 
exchanger will operate with reduced thermal resistance, and therefore, a 
surplus of heat transfer area. This excess area results in reduced flow 
velocities and elevated temperatures, so the exchanger deteriorates in 
performance at a rapid rate, thereby producing the expected fouling 
resistance. 
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There is evidence that fluid velocity is the most impor

tant parameter affecting fouling. In most cases, an increase in velocity 

decreases both the rate of foul ing deposit formation and the ultimate 

fouling level attained. In addition, higher velocities increase heat 

transfer coefficients. However, since the pressure drop increases as the 

square of velocity, increased velocities inflate both capital and 

operating costs for pumping • 

The relative propensity to fouling and the ease of clean

ing are important factors in selecting the type of exchanger for a given 

application. Manufacturers claim the plate-and-frame and spiral plate 

heat exchangers are less susceptible to fouling deposits than shell-and

tube exchangers. Low fou 1 i ng res i stances are expected because of the 

typical high velocities and turbulent flows. Plate and frame heat 

exchangers are undoubtedly the easiest to clean, since the entire unit 

can be dismantled and cleaned in place without breaking any piping. 

4. Selection and Sizing a Heat Exchanger 

The unique characteristics of a solar system must be considered 

when se 1 ecti ng a heat exchanger. Since so 1 ar co 11 ector performance is 

more dependent on operating temperature than conventional heating equip

ment, closer approach temperatures between the hot side (collector) and 

cold side (process) are desirable when compared to conventional thermal 

processes. This would require a maximum heat exchanger efficiency. The 

effectiveness of the exchanger in transferring thermal energy from the 

collector cooling fluid to the process stream affects both the electrical 

and thermal performance of the PV-T array. In addition to the heat 

exchanger effectiveness and the array output, other considerations 

include trade-offs between pumping power costs, capital costs associated 

with heat exchanger area, the area requ i red to house the exchanger, and 

maintenance costs. 

Due to the complex interactions between heat transfer, array 

characteristics, and parasitic pumping power, the heat exchangers must be 

sized and selected based on an evaluation of the systems annual perfor-

mance and annual i zed cost. In what follows, a technique is described 
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whereby the total cost of the heat exchanger penalty can be determined 
and the exchanger effectiveness (or area) found which minimizes this 
cost. 

That the addition of heat exchangers to a system produces a 
penalty by decreasing the useful thermal energy available from the col
lector system was shown by de Winter (ref. IV-B), who derived a heat 
exchange factor which can be expressed in terms of the collector and heat 
exchanger characteristics. 

where: 

F x 
1 

= 
w . ) mIn 

2W c 

Fm heat removal efficiency factor for the collector 
UL = overall collector heat loss coefficient 
Ac = collector area 
Wmin = minimum capacity rate 
E = exchanger effectiveness 

The useful thermal energy available is then: 

= 

(Eq. IV-42) 

(Eq. IV-43) 

where Qu is the useful thermal energy available without a heat exchanger 
in the loop 

= (Eq. IV-44) 

as obtained in chapter I of Volume 1. For a thermal system, the most 
economical heat exchanger size occurs where the heat exchange factor has 
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a value of about 0.95. However, this does not consider the loss of elec
trical power due to the collectors operating at a higher temperature. 

The optimum, or most economical, heat exchanger size can be 
determined by minimizing the cost of the penalty incurred by using the 
heat exchanger. Neglecting the heat loss in the manifold, the tempera
ture of the return fluid from the load is the inlet temperature to the 
array without a heat exchanger in the system. With this assumed inlet 
temperature, the array temperature can be calculated from: 

where: 

T 
o (Eq. IV-45) 

T; load return temperature (equals the array inlet temperature) 
I = annual average insolation 

Ac array area 

A 
c LWN 

L = length of receiver section, per collector row 
W = collector width 
N = number of collector rows 
Ma total flow rate through the collector field 

M NM a r 

Mr = flow rate per collector row 
nth = collector thermal effficiency 

(Eq. IV-46) 

(Eq. IV-47) 

The average temperature can now be calculated from Tf = .5(Ti + To)' and 
the annual available electrical and thermal energy determined from 
figures 11-5 and 11-6 • 
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The available energy must be determined with a heat exchanger 
in the system. Thi sana lys is will be performed us i ng the confi gurat i on 
in figure IV-16. 

AUXILIARY 
HEAT 

Ta,o Th,i Te,o 

TL,i 

> 
PV/T HX LOAD 
ARRAY 

< ( 

TL,o 

Ta,1 Th,Q Te,; 

Ma ML 

8DMI A-82-458-TR-Rl 

Figure IV-16. Configuration for Heat Exchanger Analysis 

With the assumption of no heat loss from the manifold. the following 
temperature relations hold: 

(1) array outlet temperature equals exchanger hot side inlet 

temperature (Ta•o = Th•i ) 
(2) array inlet temperature equals exchanger hot si de outlet 

temperature (Ta•i = Th,o) 
(3) Load return temperature equals exchanger cold side inlet 

temperature (Tl = Tc .) 
,0 .1 

USing equation IV-18 and the above relations between tempera-
tures, the following relations can be obtained. 

Wa - £ W min £ W min 
T = T a, i = T + T h,o W a,o W ,c, i 

a a 

(Eq. IV-48) 
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T = T . + e,o e,l 

and from equation IV-46: 

T = a,o + T . a,l 

(Eq. IV-49) 

(Eq. IV-50) 

These three equations and equation IV-49 which can be solved for the 
thermal efficiency, can be solved for the three unknown temperatures in 
terms of the load return temperature: 

T = 
a,o 

Setting 

A a 

Wa 

where: A = r 
N r 
M = r 

the equation 

T a,o 

A 

= M 

the 
the 
the 

for 

r 

r 

A F ( A F a m 
( I + U

L 
T ) + 1 _ a m 

EW . no a 2W mIn a 
A F m UL A F m UL 

1 + a a 
EW . 2W 

mIn a 

N 
r 

C N 
p r 

area of a row of collectors 
number of collector rows 
flow rate per row, 

the array outlet temperature becomes 

EM 
r 

c p 
(W::n )-

IV-43 

UL ) T e, i 

T . e, I 

(Eq. IV-51) 
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T . a, 1 

T c,a 

T a,a + 

+ T . c, 1 

T . c, 1 

(Eq. IV-52) 

(Eq. IV-53) 

A new average array temperature with a heat exchanger in the system can 
now be determined from: 

= 12 (T + T . ) a,a a,l (Eq. IV-54) 

With this average array temperature, the annual electric and thermal 
energy available can again be obtained from figures 11-5 and 11-6. 

Since the average collector temperature will be greater with a 
heat exchanger, the annual available electric and thermal energy to the 
load will be less. Thus, the cost of using a heat exchanger, in terms of 
decreased array output, is given by: 

= 

Q' Q' -e' th-

I I 

(Qe - Qe}Pe + (Qth - Qth)P th (Eq. IV-55) 

annual available electrical and thermal energy at an 
average collector temperature Tf (KWh/m2year) 
annual available electrical and thermal energy 
at an average collector temperature Tf 

Pe = annualized cost of electrical energy 
Pth = annualized cost of thermal energy 
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The annualized costs of energy are defined in reference IV-9 as follows: 

P = 
PVF(d,e,n) 

Pp PVF{d,o,n} 

y -y 
(l+e) ° p 

where the fUnction PVF is defined as: 

PVF(A,B,C) A~B [1 - (t:~ ) c ] for A B 

C for A B = l+A 

where: 
A = discount rate 
B = fuel escalation rate 
C = number of years of operation 

Yo = year of operation 

Yp = price year 

Pp cost of energy in the price year ($/kWh) 

(Eq. IV-56) 

Since the available energy is a function of the average temper
ature, it is therefore a function of the local annual average insolation 
and flow rate ratio. The dependency on total array area and total array 
fl ow rate, can be reduced to dependency on row 1 ength (or 1 ength of 
receiver section, per row) and flow rate per row by using equations IV-46 
and IV-57. 

(Eq. IV-57) 

where: 
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The annual availabil ities and heat exchanger area can be determined for 
various capacity rate ratios by noting the following relations: 

For 

> 1 

Wa 
then W . 

mIn 

then 

1 and 

and 

W . 
mIn 

Wmax 

W . 
mIn 

Wmax 

The ratio of the heat exchanger area to collector area can be 
obtained from equation IV-58 where appropriate assumptions must be made 
for the overall heat transfer coefficient. 

W . 
= NTU mIn 

U A o c 

where: 

W mIn 
W 

N r 

W WL mIn 
W = 

N r W a 

and: 

for 

NTU 
U LW 

o 

W a 
W

L 

W 
for a 

W
L 

< 

W . 
mIn 

N 

1 -

> 1 

IV-46 

(Eq. IV-58) 
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where: 

NTU = 1 
1-R 

NTU = £ 

1-£ 

R 
w . mln 
W max 

In [1 - £R] 
1 - £ 

for R f 1 

for R = 1 

Equation IV-59 is for a counterflow heat exchanger. 

(Eq. IV-59) 

The annual ized cost of the heat exchanger per unit collector 
area can now be obtained from: 

where: 

A o 
A c 

PVF(d,g,n) 
PVF(d,o,n) 

y -y 
(1+g) 0 P 

PHX cost of the heat exchanger in $/m2 

g inflation rate 

(Eq. IV-60) 

C2 = annual cost of the heat exchanger per unit area of collector 

The pumping power cost must be determined based on an assumed 
appropriate pressure drop in the exchanger. For a total pressure drop, 
~P, one might assume the total drop is divided between the array and load 
side of the exchanger as follows: 

. 2 
Ma 

= ~P.2 2 
M + M a L 

= ~P 

18' 
(Eq. IV-61) 
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·2 

~PL ~P 
ML ~P (Eq. IV-62) = 

+ M2 
= 2 . 2 

+c:) 
M 

a L 
1 

and: 

M W ~ a a = 

ML 
WL C pa 

The pumping power is then: 

W M [~Pa + 
ML ~PLJ (Eq. IV-63) = 

P a M 
a 

and the pumping power per unit array area is: 

W Mr 
~= 
A LW (Eq. IV-64) 

c 

The annual cost of pumping the array and load side working fluids through 
the heat exchanger is: 

.~ 
C3 = A PeL 

c 
(Eq. IV-65) 

where L is the total time during the year that the pump operates. 
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The optimum heat exhanger effectiveness occurs when the total 
cost of using the heat exchanger is a minimum. The total cost is 
obtained by summing equations IV-55, IV-50, and IV-65. 

(Eq. IV-66) 

Unfortunately, when determining the optimum characteristics of 
a heat exchanger, all the information is not available. The overall heat 
transfer coefficient, and the pumping power required to achieve the 
des i red heat transfer are highly dependent on the specifi c exchanger 
design, flow rates, and area. Therefore, to perform a preliminary sizing 
analysis, certain assumptions must be made in terms of an attainable (or 
typical) overall heat transfer coefficient and pressure drop. 

The total cost of equation IV-66 was calculated as a function 
of heat exchanger effectiveness, assuming typical characteristics of a 

-4 3 ( ) plate heat exchanger and a flow rate per row of 5 x 10 m /sec 8 gpm , 
based on the curves of figures IV-1 and IV-2. The following parameters 
were used in the calculations, and the results are shown in figures 
IV-17, 18, and 19. 

·43 Row Flow Rate (Mr) = 5 x 10- m /sec (8 gpm) 
Heat Transfer Coefficient (Uo) = 4536 w/m2 °c (800 BTU/hr ft 2oF) 
Allowable Pressure Drop (~P) = 6.9 x 104 Pa/NTU (10 psi/NTU) 
Heat Exchanger Cost (PHX ) = $320/m2 

Cost of Electricity = $0.05/kWh 
Cost of Natural Gas = $0.015/kWh 
Electricity Escalation Rate = 0.1 
Natural Gas Escalation Rate = 0.12 
Inflation Rate = 10% 
Discount Rate = 20% 
Array = Line Focus Fresnel 
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Fi gure IV-17. Tota 1 Cost of Heat Exchanger Penalty for I = 600 W/M2 
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Figure IV-19. Total Cost of Heat Exchanger Penalty for I = 300 W/M2 
and N = 18 
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As the effect i veness (or exchanger area) increases, the 
exchanger transfers more heat to the load, the array runs cooler and more 
efficiently, and the penalty cost decreases. However, eventually the 
cap ita 1 cost of the exchanger overtakes the improvement in system per
formance and the penalty cost increases. 

The optimum effectiveness and minimum cost depend on the capa
city rate ratios, annual average insolation, and the number of collectors 
per row. Increasing the number of collectors per row causes the optimum 
effectivness to increase and the total cost to decrease. In areas of low 
annual average insolation the cost increases and the optimum effective
ness decreases slightly. 

A number of cal cu 1 at ions were made to determi ne the opt imum 
effectiveness and minimum cost, plotted as a function of capacity flow 
rate, row length, and insolation in figures IV-20 and IV-21. These 
curves indicate that to minimize the penalty cost of using a heat 
exchanger, one should design for a capacity flow rate ratio between 0.4 

and 0.6, and use a 1 arge number of co 11 ectors per row. The cost curve 
minimum depends on the pumping power and exchanger area since only these 
factors vary with the capacity rate ratio for Wa/W

L 
.::. 1. As seen from 

equations IV-51 and IV-52, for Wa/W L .::. 1 the inlet and outlet temper
atures of the collector, and therefore, the average temperature, are 
independent of capacity rate so the electrical and thermal energy avu'l
abi 1 ities remain constant. However, as Wa/WL increases, the outlet tem
perature on the load side of the exchanger (T ) increases, i nd i cat i ng c,o 
that more energy is being transferred to the load, thereby decreasing the 
amount of auxiliary heat required. 

The number of collectors per row, the array, and the load flow 
rates cannot be arbitrarily chosen simply to minimize the heat exchanger 
cost or system cost. There may be certain restrictions placed on the row 
length and flow rate; for example, the maximum allowable pressure 
E-systems line focus Fresnel array can withstand is approximately 
0.69 MPa (100 psi). due to the flexible hose and fittings used between 
arrays. This limitation forces a compromise between row length, flow 
rate through each row, and the maximum allowable fluid temperature. 
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For a row consisting of 10 E-system arrays, a flow rate of 
3.16 x 10-4 m3/sec (5 gpm) of 30 percent ethylene glycol and water would 
produce a pressure drop of 0.29 MPa (42 psi). In order to overcome the 
pressure losses in the manifold, heat exchanger and expansion tank. 
however, a higher pressure at the row inlet is required. With a flow 
rate of 3.16 x 10-4 m3/sec (5 gpm). a temperature rise of about 500 C will 
be experienced across the collector row on a high insulation day with 
1000 watts/m2 (see figure IV-3). Therefore. to minimize operation of the 
cooling tower, which produces high parasitic electrical losses. the heat 
exchanger should be sized to produce a maximum 500C outlet temperature to 
the array (assuming a maximum allowable array fluid outlet temperature of 
lOOOe) • 

At this point. the size and philosophy of the thermal storage 
must be considered. along with the flow rate on the load side of the heat 
exchanger, and the load return temperature. If no storage is used. the 
return temperature and load fl ow rate are fi xed, and the heat exchanger 
is sized to provide a 500 C coolant temperature to the array under maximum 
insolation conditions. If the load is intermittent, the cooling tower 
must be used when there is insufficient load to cool the array fluid. 

The use of thermal storage allows more flexibility and mini
mizes cooling tower operation, but also makes heat exchanger sizing some
what more difficult. The flow rate on the load side of the heat 
exchanger can now be adjusted to optimize the overall system operation. 
The flow rate will depend on: 

(1) Size of the storage tank 
(2) Rate at which fluid is extracted from storage for use in the 

process 
(3) Optimum heat transfer through the heat exchanger 
(4) Minimum operation of the cooling tower. 

There are several modes of ope rat i on of the storage system 
which have a bearing on the sizing of the heat exchanger. The simplest 
system is a variable volume storage system in which the tank is filled 
with hot water from the heat exchanger, and water is extracted as 

IV-56 

• 

• 

• 

• 



• 

• 

• 

• 

• 

THE BDM CORPORATION 

required by the process. In order to provide storage for evening use, 

the flow rate into storage must be greater than the average use rate 

duri ng the day , allow; ng the tank to fill up. Once the tank is fu 11, 

warm water may be recirculated through the heat exchanger, thereby 

i ncreas ing the stored energy. Once thi sis accomp 1 i shed, the exchanger 

must then be sized to provide a 500 C inlet temperature to the array, with 

a load return temperature determi ned by the temperature of the storage 

fluid. If the storage tank temperature becomes too high, the cool ing 

tower will be required to cool the array. 

It is evident from this discussion that in order to optimize 

the size of a heat exchanger, a camp 1 ete system ana lys is is requ ired, 

including the characteristics and phasing of the load. One may use the 

previous analysis and curves to gain some insight into the factors 

involved in sizing a heat exchanger and to perform preliminary sizing for 

an inital conceptual design • 

D. COOLING SYSTEMS 

Two basic types of cooling systems can be used: an air heat 

exchanger (also called dry air cooler), or a cooling tower. Cooling 

towers use the evaporation of water to carry away the heat and thei r 

performance is governed by the wet bulb temperature. Air he~t 

exchangers, on the other hand, use dry air to dissipate the heat and 

their performance is governed by the dry bulb temperature. 

The advantages of the cooling tower are that for the same volume of 

air moved, a greater amount of heat can be rejected and lower tempera

tures can be achieved, and less sophisticated controls are needed to 

rna i nta inconstant temperatures. Advantages of the air heat exchanger 

include the fact that freeze protection of the cooling water is no longer 

required, scaling and corrosion due to cooling water are eliminated, 

plumes are eliminated, and blowdown is not required. The cooling tower's 

disadvantages include the need for freeze protection, and that they 

cannot be operated above 82.20 C (1800 F) without scaling problems of the 

cooling water (for certain models this temperature may be lower). 
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1. Cooling Towers 

Cooling towers are either open cooling towers, where a portion 

of the fluid being cooled is evaporated, or closed systems, where the 

fluid being cooled is piped through the tower in tubes. Open cooling 

towers are less complicated and more efficient, but closed systems (often 

called industrial fluid coolers) have the advantage of keeping the pro

cess water separate from the cooling water. This simplifies water 

qual ity problems and allows the array fluid to pass through the cooler 

even when glycol/water or thermal oils are used in the array. 

The purpose of the cool i ng system is to a 11 ow the array to be 

used even when the load wi 11 not accept the fu 11 thermal output of the 

array. Operating the array at such times will be highly desirable 

because the electricity can sti 11 be used even if the thermal energy is 

not needed. Even at an array electrical-to-thermal output ratio of .2, 

the electrical parasitic load of the cooling system will be less than 10 

percent. Therefore, the cool i ng system must be capable of cool i ng the 

entire array when there is no thermal load. 

Cooling tower performance is determined by the characteristics 

of the unit, environmental conditions, and the nature of the system send-

i ng it fl u i d to be coo 1 ed. The thermal output of the coo 1 i ng tower 

cannot be controlled by changing the fan power or cooling water circu-

lating rate to a predetermined value because as these parameters change, 

the temperature of the fluid returning to the system changes, requiring a 

change in demand on the cooling tower. Control of the cooling tower must 

be performed by measuri ng temperatures of the f1 u i d bei ng coo 1 ed. and 

• 

• 

• 

adjusting tower performance to produce the desired temperature. Simi- • 

larly, a cooling tower cannot be sized to reject a fixed quantity of 

heat. The tower must be sized based on wet bulb temperature, inlet and 

outlet temperatures, and fluid flow rate. 

Geographi c vari at ions in average summer wet bu 1 b temperature 

range from 16.7oC (62oF) in the West, to 27.20 C (810 F) in the South. 

Variations in mid-summer wet bulb temperatures at one location can be as 

much as 23.30 C (420 F). A ll.loC (200 F) change in the design wet bulb 
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temperature can result in a 67 percent change in the fan horsepower 
required to operate the cooling tower. Considering the fan as a para
sitic load on the PV-T array. it is important to size it appropriately. 
For a particular location, the design wet bulb temperature is that tem
perature which is exceeded only S percent of the time. Table IV-S shows 
that typically this reduces the design wet bulb temperature 3.90 C (7oF), 
whereas changing the design point lS percent only lowers it another 1.loC 
(2oF). The S percent design point is reasonably safe for a PV-T system 
because only when both the actual wet bulb temperature exceeds this 
design temperature and the cooling tower needs to reject the full thermal 
output of the array. is the cooling tower capacity inadequate. If the 
tower selection was made wi th adequate approach (d ifference in temper
ature of the fluid leaving the cooler and the wet bulb temperature), it 
may still be able to handle the load. If not, the array can be defocused 
to avoid damage to the system . 

TABLE IV-S. TYPICAL FREQUENCY AND DURATION 
OF SUMMER WET BULB TEMPERATURES 

DURATION 

SUMMER PEAK 
1% ABOVE 

WET BULB TEMPERATURE 

S% ABOVE 
lS% ABOVE 
SO% ABOVE 

23.90C 

21. SoC 

20.2oC 
19.0oC 
17.30 C 

(7SoF) 

(70.7oF) 
(68.4oF) 

(66.2oF) 

(63.2oF) 

In order of importance. parameters determi ni ng coo 1 i ng tower 
performance can be ranked as follows: 

(1) Approach 
(2) Flow Rate 
(3) Range (difference between fluid inlet and outlet temperatures) 
(4) Wet Bulb Temperature 
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In general, some reserve capaci ty is des ired in the coo 1 i ng tower in 
terms of flow rate rather than approach. The idea behind this recommen
dation is that lowering the approach considerably reduces the performance 
of the cooling tower, and may result in a significant increase in size to 
do the same job, whereas increasing the flow rate (e.g., 10 percent) only 
increases the size of the tower by the same amount as the reserve 
capacity desired. 

Suggestions for sizing cooling towers include: 
(1) For a fixed flow rate, range, and wet bulb temperature, 

increasing the approach will reduce the size of the tower 
needed. 

(2) For a fixed tower size, range, and wet bulb temperature, 
increasing the approach will allow a larger flow and the rejec
tion of more heat. 

(3) If the co 1 d water temperature is not changed and the range is 
increased "at the top" (higher hot water temperature), the 

• 

• 

tower size for a fixed heat load will decrease. If the hot • 
water temperature remains constant and the range is increased 
at the expense of a lower approach, the tower size will 
increase. 
The materials chosen for tower construction must be adequate 

for the process involved. If chemicals are involved in the process and 
can get into the tower either by fluid leaks or airflow, then tower con
struction materials should be resistant to attack by these chemicals. 
Oil should not be allowed to leak into the cooling tower since as little 
as 30 ppm may cause significant loss of heat transfer on the surfaces and • 
cause a 10 percent loss in cooling efficiency. 

Placement of the tower must take into account wind, and loca
tion of surrounding structures. The prevailing winds should take any 
fumes away from the tower. Moreover, it is not des i rab 1 e to 1 et the 
moist fumes from the tower blow where they can cause problems; in parti
cular, mixing with other gases to form moist corrosive air. Nearby 
structures should not cause the tower to intake its own exhaust. 
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Normally, air inlet louvers are installed facing the prevailing wind 

direction, but in high sand or dust areas this may not work well. In 

such areas, a counter flow tower is probably better than a cross flow 

tower. In areas with considerable sand or dust, a deep basin will allow 

the silt to settle. Also, the inlet for the pump can act as an overflow

weir design, which prevents sand from entering the pump. 

In some areas, building codes specify wind and seismic loadings 

as we 11 as materi a 1 s for coo 1 i ng tower construct i on, and whether the 

tower must be on the ground or on the roof. 

Tower freeze protection is also required. If the tower has a 

closed loop for the fluid being cooled, then the fluid in this loop 

should have a high freeze temperature. The pan of the cooling tower can 

be protected by a pan heater (electric or steam), or can be drained to a 

remote sump where it cannot freeze. Louvers and two-speed fans help 

control the cooling rate and prevent freezing on the packing during 

operation in cold weather. If ice does form, one of the best ways to 

de-ice is to cover the tower with a tarpaulin, and allow the heat from 

the warm process fluid to melt the ice. 

Water qual ity is very important. Salt concentration and pH 

(ordinarily 6.5 to 7.5) should be maintained within limits specified by 

the manufacturer. Operating the tower on continuous bleed (at a rate 

commensurate wi th the evaporat i on rate) is recommended to contro 1 ~he 

salt concentration level. The pan should not be used to mix water treat

ment chemicals. 

Consideration should be given to altitude if the tower location 

is more than 305 m (1000 ft) above sea level. At higher altitudes, air 

will be less dense yet the fan will still move a constant volume of air, 

resulting in a lower mass flow. The tower fan must be increased in size 

to compensate for this. Also, as altitude increases, air at a given tem

perature is capab 1 e of ho 1 di ng more water vapor, tend i ng to offset the 

loss in density. 

Additionally, cooling towers generate noise, though improved 

designs have reduced noise levels. However, consideration should still 
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be given to noise in choosing the tower location, even though cool ing 

towers are not as loud as dry air coolers. 

2. Air Coolers 

Dependi ng on the process temperature and other factors, both 
evaporat ive and dry air coo 1 i ng can be economi ca 1. Evaporat ive cool i ng 

works best when small approach temperatures are required. The suggested 

crossover point where dry cooling becomes more favorable than wet cooling 

• 

towers occurs when the approach is 27.80 C (500 F), or more, above the • 

average summer dry-bu 1 b temperatures. Max imum summer wet-bul b tempera-

tures are typically 11.1 to 16.70 C (20 to 300 F) lower than the maximum 

dry-bulb temperature. This same rule of thumb should apply to both 

cooling capital costs and the horsepower required to operate the cooler. 

Unfortunately. cooling is usually needed when the dry-bulb temperature is 

the highest. For a dry-bulb temperature of 40.60 C (1050 F), the cross

over point is about 68.30 C (1550 F), thus dry air cooling becomes econom

ical when evaporative cooling creates problems due to the high inlet 

temperature and subsequent scale formation. 

When required, freeze protection for dry air coolers is complex 

and expens i ve. PV-T systems, however, are immune to freeze problems. In 

genera 1, freez i ng problems in dry air coolers are due to water in the 

process fluid. Assuming the PV-T system is not a draindown system, the 

circulating fluid must be one that does not freeze (glycol/water) in 

order to protect the array. Ice and snow can impair the performance of a 

dry air cooler, and requ i re the accumu 1 at i on to be melted before normal 

operation. In general, the dry cooler will be needed during fair 

• 

weather. Ice and snow covering the cooler can be melted by circulating • 

the PV-T coolant through the cooler with the fan off. 

Dry air coolers often require more fan horsepower and more fans 

to reject the same amount of heat. To reject the same amount of heat, 

capital cost and/or fan horsepower will go up as the approach goes down. 

In determi ni ng the crossover poi nt, both operat i ng and capi ta 1 costs 

should be considered. Since most of the time the full output of the 

coo 1 er won I t be needed, there s hou 1 d be some way of turn i ng down the 
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cooler. Dry air coolers are available with variable speed or variable 

pitch fans, as well as more than one fan per bay. This does increase 

capital cost, but reduces tne electricity consumed to run the cooler. 

3. An Example Tower Selection 

Cons i der an array with a thermal output of approx i mate 1 y 2.93 

MW (10 MBtu/hr), and coo 1 ed by 0.044 m3/sec (700 gpm) H20 enteri ng at 

82.20 C (1800 F) and leaving at 98.90 C (2100 F). Since temperatures are so 

high that the cooling tower might scale, it is necessary to set up a 

mixing flow system, as shown in figure IV-22. This drawing is for an 

industrial cooler or closed loop tower. If an open loop tower is to be 

used, the system must have a heat exchanger instead of fluid mixing. 

Such a system was cons i dered for thi s app 1 i cat i on, but was found to 

require no less horsepower to operate, while requiring an extra heat 

exchanger. Flow rates on figure IV-22 were calculated starting with the 

0.044 m3/sec (700 gpm) to give the temperatures shown on the figure. Wet 

bulb was assumed and the range was chosen to give a large approach; flow 

through the cooler was the same as through the array, and temperatures in 

the cooler were low enough to prevent scaling. 

0.044 m3/S 
(700 GPM) -

WB 23.90C (7\i.oFJ 
APPROACI:!)9.4oC 135°F) 
OUTLET43.3

0C 11100F) 
RANGE 16.7oe (30°F) . 
INLET 60°C (140°1') 

82.2oC (180°F) 

t
o.044 m3/S 

3 - (700 GPM) 
0.013 m Is (210 GPM) TO ARRAY 

0.031 m3/s 
(490 GPM) 

0.031 m
3 IS 

t 1490 GPM) 

0.013 m3/S~PM) t 
98.90 C (210°F) 

0.044 m
3

/S (700 GPM) 
FROM ARRAY 

NORMAL ARR", Y TEMPERATURES 
INLET 82.2oC (180°F) OUTLET 98.90C (2100F) 
MAXIMUM OPERAIING ARRAY TEMPERATURE 
INLET 87.SoC (190°F) OUTLET 104.4oC (220°F) 
ARRAY DEFOCUS TEMPERATURE . 
INLET 90.BoC (195°F) OUTLET 107.2oC (225°F) 

BDM/A-82-45B·TR·R1 

Figure IV-22. Cooling Tower Interface Schematic 
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From figure IV-23 the performance factor required is 5.5+. In 
table IV-6. the Baltimore Aircoil multi-stage axial fan large enough to 
handle 0.044 m3/sec (700 gpm) at this performance factor is a VXMI-105-3. 
This unit has a 11.14 kW (15 hp) fan, a 3.73 kW (5 hp) cooling water cir
culation pump, and requires 6.7 kW (9 hp) to move the glycol/water 
through the cooler. Assuming an E/T ratio of .2, these pumps use only 
3.5 percent of the electrical output of the array. Alternatives to this 
unit include a unit one size larger, which would cost more, but use 
4.5 kW (6 hp) less, or a unit with a centrifugal fan. The latter unit 
would cost a 1 ittle less and have more control over the air flow for 
operation at low loads, but would use an extra 11.2 kW (15 horsepower). 

Control strategy might include a temperature sensor on the 
upstream side to sense high temperatures (over 82.20 C or 1800 F) and turn 
the unit on. This sensor should have a several minute delay before turn
i ng off, and wou 1 d turn the glyco 1 /water bypass ci rcu 1 at i ng pump on, 
power up the cool i ng tower, and act i vate the bypass valve. The bypass 
valve would open gradually until, at 98.90 C (2100 F) upstream, it would be 
fully open. An orifice in the bypass line would limit the flow in this 
direction to 0.013 m3/sec (210 gpm). A thermal sensor in the outlet of 
the cooling tower turns the tower fan on at low speed if the outlet tem
perature is over 46.10 C (1150 F). If the temperature rises above 48.90 C 
(1200F), the remainder of the cooler is turned on in stages. This sensor 
should also have appropriate delays built-in to prevent the cooler from 
cycling on and off too frequently. 

E. SENSIBLE HEAT STORAGE 

Storage ina PV-T system can perform three funct ions: (1) reserve 
energy for later use, (2) filter fluctuations in PV-T output, and (3) 
help interface the PV-T array to the auxiliary heater. Clouds can cause 
significant changes in the PV-T output over a few minutes. These fluctu
at ions wi 11 be transmitted to the load, or requ i re the aux il i ary heater 
to cycle rapidly to make up for these changes in PV-T array output. 

IV-64 

• 

• 

• 

• 



• 

• 

• 

• 

• 

THE BDM CORPORATION 

50 

Definitions 
Range ("F):= Entering Fluid Temperature

Leaving Fluid Temperature 
Approach (·F) = Leaving Fluid Temperature - Design 

Wet Bulb Temperature 

WET BULB TEMPERATURE ('F) 
65 70 15 80 85 5 10 

To select Performance Factor, enter at Design Wet Bulb 
Temperature. Read down to Approach Line. Read right 
horizontally to Range Line. Select Performance Factor 
at Design Range line. 

RANGE (OF) 
15 30 35 

f 

, , 

, , 
T1, , 

50 

" -~ 

BDM/A-82-458-TR-Rl 

Figure IV-23. Cooling Tower Performance Factors (Reproduced Under 
Permission of the Copyright Owner e 1978, Baltimore 
Aircoil Company, Inc.) 
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UNIT 
SIZE 

9·1 
9·2 
9·3 

18·0 
18-1 
18·2 
18-3 

271 
2].2 
27-3 

36·2 
36-3 

50-1 
50-2 
50-3 

701 
702 
70·3 

105-1 
105-2 
105-3 

120-1 
120·2 
120·3 

14()'1 
140·2 
140-3 

180-1 
180-2 
1803 

210-1 
210-2 
210-3 

240-1 
240·2 
240·3 

360·1 
360-2 
360·3 
~ 

MAX. 
GPM 

330 
330 
330 

405 
405 
405 
405 

405 
405 
405 

405 
405 

585 
585 
585 

810 
810 
810 

810 
810 
810 

1290 
1290 
1290 

1620 
1620 
1620 

1290 
1290 
1290 

1620 
1620 
1620 

2580 
2580 
2580 

2580 
2580 
2580 

TABLE IV-6. COOLING TOWER SIZE SELECTION (ref. IV-10) 

2.0 
125 
142 
170 

260 
300 
340 
405 

460' 
520' 
-

-
--

--
-

-
1020' 

-
-

-
_.-
-

-
-
-

2040' 
-
-
-
-
-

-
-

-

--
-
-

--
-
-

• 

PERFORMANCE FACTORS 

3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 
75 50 35 - - - - - - -
85 57 42 33 - - - - - -

104 70 51 39 31 - - -- - -
.- ------ ------ _. -

150 96 68 50 37 30 - - - -
180 118 83 63 48 38 30 - - -
207 136 99 75 58 47 37 33 - -
236 175 125 97 75 63 50 44 34 31 

280 185 130 - - - - - - -
322 210 150 114 87 69 54 47 36 -
405 280 200 155 120 96 76 66 52 46 

-
465' 330 243 185 142 114 88 75 58 51 

- 405 308 237 185 150 120 102 80 71 

585 430 - - - - - - - -
685' 490 360 276 210 165 130 llO 87 75 
720' 525 390 300 235 185 148 125 98 84 

706 525 372 276 205 160 124 102 - -
935' 660 490 370 285 222 180 150 120 103 

1020' 735 535 410 320 252 200 170 137 120 

- 930' 670 520 400 320 255 215 173 143 
- - 780 610 480 390 310 260 213 180 
- - 810 660 530 420 342 295 245 210 

1225 890 630 470 360 270 217 170 140 117 
1260 1013 730 550 425 332 265 217 175 145 
1500' !l00 800 615 480 380 305 250 205 172 

1412 1050 - - - - - - - -
1870' 1320 980 740 570 444 360 300 - -
2040' 1470 1070 820 640 504 400 340 274 240 

- 1260 1060 815 615 480 390 313 253 215 
- 1480' 1200 950 750 600 485 400 325 270 
-- - 1260 1050 820 665 540 448 368 315 

- 1860' 1340 1040 800 640 510 430 346 286 
- - 1560 1220 960 780 620 520 426 360 
- - 1620 1320 1060 840 684 590 490 420 

2520 1780 .-. - - - - - - -

- 2026 1460 1100 850 - - - - -
3000' 2200 1600 1230 960 760 610 500 410 344 

-- 2520 2120 1630 1250 960 780 625 505 430 
-- 2960' 2400 1900 1500 1200 970 800 650 540 
- -- 2520 2100 1640 1330 1080 896 736 630 

Reproduced Under Permission of the Copyright Owner. 
«)1978 Baltimore Aircoi1 Company, Inc. 

13.0 
-

-
-

-
-
-. 
-

-

-

37 

40 
58 

-
60 
69 

-
-
-

112 
146 
172 

100 
125 
145 

-
-

190 

175 
230 
265 

224 
292 
344 

-
-

290 

350 
460 
530 

e • 

14.0 15.0 16.0 
-- - -
- - -
- - -

- - -
- - -
- - -
- - -

- - -
- - -
32 28 -

34 29 -
50 44 37 

- - -
50 43 35 
58 50 42 

- - -

- - -
- - -
- - -

123 104 -
146 125 100 

- - -
104 - -
121 102 -

- - -
- - -

164 138 114 

143 110 88 
190 153 125 
225 185 158 

180 146 110 
246 208 168 
292 250 200 

- - -
- - -

242 204 175 

286 220 176 
380 306 250 
450 370 315 
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Sufficient storage (15 minutes of load) to filter momentary fluctuations 

in PV-T array output due to clouds wi 11 make it eas i er to contro 1 the 

system and the auxiliary heater. 

Auxil i ary heaters cannot operate effi ci ent ly be 1 ow a certain turn

down rate (fraction of fu 11 load). For average demands 1 ess than the 

turndown rate, the aux il i ary heater must cyc 1 e on and off. To prevent 

these cycles from being transmitted to the load, there must be some heat 

storage in the system. Pipes and fluid throughout the system have 

thermal capacity and help filter fluctuations, but are not entirely suf

ficient. The heat capacity of the auxi 1 iary heater itself helps to 

filter out most of the fluctuations, but additional storage may be 

needed. 

For systems where the PV-T array supp 1 i es on ly a fract i on of the 

load (PV-T array output less than load), storage of energy would not 

ordinarily be warranted. The general rule is that if the PV-T array 

supplies only part of the load, the fraction of the load not supplied by 

the PV-T array should be greater than the output of the auxiliary heater 

at its greater turndown rate, i.e., the auxiliary heater load should be 

hi gh enough so the auxil i ary heater does not have to cyc 1 e. Another 

generalization states that if the PV-T array supplies only a fraction of 

the load, then the heat should be used immediately, rather than be 

stored. An exception is when the collectors might otherwise not be used 

for significant periods such as weekends, when the plant is not used. 

As the port i on of the load supp 1 i ed by the PV-T array becomes 1 arge 

enough so that the average demand on the auxiliary heater is less than 

the turndown, then storage becomes important. If the output of the PV-T 

array is 1 arger than the load duri ng the day and there is an eveni ng 

load, then storage is requ i red to allow heat co 11 ected in the day to be 

used at night. 

Cost-effect i ve storage must be 1 ess expens i ve than the rep 1 acement 

value of the heat. That is, if storage costs more than throwing away the 

heat and rep 1 aci ng it with heat from the aux i 1 i ary boil er, then clearly 

it does not make sense to store. Using the same time value of money and 
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cost of energy as in the insulation section, the replacement value of the 
heat stored (RVHS) as determined by the energy replacement cost (using 
the auxiliary heater instead) is: 

RVHS = (6.14) x ($0.0034/kW hr) x (4.166 kJ/kgOC) 

(1 hr/3600 sec) x (~T) 

x (993 kg/m3 ) x (V) x (Y) (Eq. IV-67) 

where ~T is the temperature increase when storage is full of heat 
(in °C), V is the volume of the storage (in m3), and Y is the number of 
times per year the heat is removed from storage. The cost of energy is 
based on the cost of fuel oil, and 6.14 is the present value factor. The 

cost of storage is (ref. IV-II): 

• 

• 

(
3)0.515 • Storage Cost = 1.65 x $2206 x V(m) 

+ cost of fluid. (Eq. IV-68) 

where 1.65 is the maintenance factor (see section IV-I) 
As an example, consider a storage tank with 6 hours of storage for a 

3MW (10M Btu/hr) system. Such a tank would be appropriate for a 16 hour 

load of 3MW if the sun was shining an effective 10 hours per day. If the 

temperature difference between the load and the make-up or return water 
is 500 C (gOOF), then the 6 hours of water used by the load has a volume 
of: 

(300 kW) x (6 hrs) x (3600 sec/hr) 
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I f the storage tank is the same size, the fl u i d supp 1 i ed to the load 

during the 6 hours will exactly displace the fluid in the tank, and the 

capital cost or purchase price of the tank will be: 

.515 
2206(313) 

$42 K 

Thi sis about three-quarters of one percent of the cost of E-Systems 

array required to supply the heat. Thus, for our example, the storage 

cost is not a major issue. More important will be how storage affects 

the overall performance of the system. 

The amount of heat that can be delivered to the load depends upon 

whether the tank operates in a draindown or mixing mode. For a draindown 

tank 100 percent of the energy stored in the tank can be delivered to the 

load. For a mixing tank, the temperature of the tank, as a function of 

time (t) when the array is not operating, is given by: 

(Eq. IV-69) 

where T sis the temperature of the mi xed fl ui din the tank, T lis the 

make-up or return water temperature, T SO is temperature in the storage 

tank when it started supplying the load, V is the flow rate through the 

tank, and VT is the volume of the tank. For our example Vt = VT, and if 

we assume the i ni t i a 1 tank temperature is the same as the temperatures 

required by the load, only 63 percent of the energy stored in the tank 

can be delivered to the load, and only 63 percent of the load requirement 

is met. As the tank size increases, the temperature change of the tank is 

less, so a smaller fraction of the energy stored is delivered to the 

load, but more of the load requirement can be met because the tank is 

oversized. For example, if the tank holds three times the water demanded 

by the load, only 28 percent of the energy in the tank is used, but 85 
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percent of the load demand is met. This illustrates a primary problem 

with mixing tanks: a finite size mixing tank (unless it stores at a 

higher temperature than the load demands) cannot satisfy 100 percent of 

the load demand when the array is not operating. 

Another problem of mixing tanks concerns how they effect the system 

when they are bei ng charged wi th heat. Storage tanks are ei ther in 

series or parallel. When in parallel, hot or warm water is released from 

the bottom of the tank and attempts to warm up the array inlet tem

perature. To prevent the array from running hotter, either the cool ing 

tower will have to be turned on or flow will have to be increased through 

the load side of the heat exchanger. Fi gure IV-24 shows the assumed 

system without the storage tank and figure IV-25 with the storage tank. 

The example numbers show that by increasing the heat exchanger flow 

(using the assumed flow through the storage tank equal to the flow 

through the load), it is possible to keep the array inlet temperature 

from increasing. Figure IV-25 illustrates how the heat leaving the 

outlet of the parallel flow mixing tank recycles into the storage tank 

and the load. 

FLOW = 11.5 Kg/sec 

(9.1 x 104 LB/HR) 

3M =M 

54.4°C (130°F) 15.6oC (600F) 

Figure IV-24. Typical PV-T System Without Storage 

BDM/A-82458-TR-R 1 

Figure IV-25. Typical PV-T System with Storage in Parallel 
wi th the Load 
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It is poss; b 1 e then, to confi gure the system to provi de a para 11 e 1 

flow mixing tank that does not have a gross impact on array performance 

although, of course, the heat exchanger must be larger than if warm water 

were not leaving the storage tank outlet. Parallel flow mixing tanks can 

only satisfy part of the evening load and must be oversized (the heat 

stored in the tank must exceed the heat delivered). 

Moreover, series connected storage tanks cannot always be used. As 

a mi xing tank, they are the 1 east comp 1 i cated method of f i lteri ng out 

short term fluctuations that occur when the array is shaded by clouds. 

They are not appropri ate for energy storage when the array is not above 

the load temperature. If the array operates at its maximum temperature 

in order to meet the load requirement, the only way the PV-T system can 

generate more heat than used by the load (heat that is to be stored and 

saved for evening use), is by having a flow rate higher than needed by 

the load. If the flow rate is higher than needed by the load, the extra 

flow must bypass the load, hence, the tank is not truly in series with 

~ the load, but is multipley connected--both series and parallel. 

• 

• 

If the array can operate at a temperature beyond the load require

ment, then an important mixing valve series tank option exists that 

should be considered (see figure IV-26). When there is extra heat, the 

temperature is above that required by the load, and enough fluid is 

diverted through the tank to keep the load temperature at the proper 

1 eve 1. Thi s stores heat in the tank. The return to the heat exchanger 

array is at normal temperature, so using the cooling tower is not 

required. 

IV-71 



THE BDM CORPORATION 

... -,... .... • v. ~ 
~ ~ . ~ ~ 

HEAT 
ARRAY EXCHANGER STORAGE LOAD 

• 
B DM/A-82-458-TR-R1 

Figure IV-26. Series Tank with Mixing Valve 

It can readily be shown that it is more efficient to store extra 
heat, even if it means operating the array at hotter than normal load 
requirements, than it is to use the cooling tower. That is, the penalty • 
for lost heat and paras it ice 1 ectri ca 1 power associ ated with us i ng the 
cooling tower exceeds the penalty of poorer performance of the array when 

operating at higher temperatures. 
Table IV-7 shows the conditions under which various types of storage 

tanks can be used. Variable volume storage is thermodynamically 

superior. Such a storage system requires level controls or a level 

monitoring system. It also requires an extra pump. Where more than one 
storage tank type is appropriate, the choice of storage system should be 

based on total system performance. 

F. PUMP SELECTION AND SIZING 

After selection of the heat transfer fluid (HTF) and the general 
fi e 1 d 1 ayout, an HTF ci rcu 1 at i on pump can be se 1 ected and sized to the 
PV-T system. Because manufacturers data and design curves are presented 
in English units and developed pressure in feet of head, the discussion 

in this section will use these conventional units. 
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• TABLE IV-7. APPLICABILITY OF VARIOUS STORAGE TANKS 

ARRAY SIZE 

OUTPUT « OUTPUT- OUTPUT> OUTPUT 
DAYTIME LOAD DAYTIME LOAD DAYTIME LOAD - LOA o 

«NIGHTTIME LOAD 

• ARRAY NEED STORAGE NEED STORAGE 
TEMPERATURE TANK TO TANK TO 

INTERFACE SUPPLY HEAT 
AUXILIARY FOR NIGHT-
HEATER TIME 
TURNDOWN 

TA > TL 

• o SERIES 
ONLY NEED o PARALLEL NEED 
SMALL o VARIABLE VARIAB LE 
STORAGE VOLUME VOLUME 
TANK IN STORAG E 

SERIES TO TANK 
FIL TER o PARALLEL 
FLUXUA- o VARIABLE 
TIONS IN VOLUME 

• ARRAY 
OUTPUT 

TA S. TL 

• 
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The two methods of contro 11 i ng a PV-T system are: (1) constant 
temperature (variable flow), and (2) constant flow (variable tempera
ture). For the constant temperature system, there are two ways to vary 
the flow: (1) variable speed (change the rpm of the pump), or (2) vari
able head (change the system head by throttling with a valve). Both 
systems require additional system hardware capital costs such as a motor 
contro 11 er or a modu 1 at i ng contro 1 valve whi ch have to be recovered ; n 

• 

operational savings. The variable head system has the added disadvantage • 
of always requiring the same pump power that the variable speed pump 
requires at its peak speed, so it has been dismissed as an option for 
PV-T systems. The variable speed system will use less pump power when 
the solar insolation is at off-peak conditions. However, since it is a 
constant temperature system like the variable head system, it has a 
higher collector annual average temperature than the constant flow 
system, and therefore has a lower collector annual efficiency. The mone-
tary impact of ope rat i ng a constant temperature/vari ab 1 e speed system 
with a lower collector efficiency is dependent on the temperature rise in ... 
a delta-T loop and the characteristics of the collector, which may vary 
for each system. In addition, as the flow rate through each deta-T 
string varies, thereby changing the manifold flow rate, the flow distri-
bution through the collector rows will change. Thus, a valve, adjustable 
as the flow rate varies, is required on each row in order to maintain a 
ba 1 anced fl ow. 

Constant flow systems are operated at constant pump speeds and allow 
the collector temperature to vary during the day as the insolation 
vari es. Th is type of system is 1 ess comp 1 ex, more re 1 i ab 1 e, and 1 ess 
costly than the constant temperature system described previously. It 

also has a lower collector average temperature than the constant tempera
ture system, and therefore has a higher collector annual efficiency. 
Since the flow rate remains constant, flow balancing is required only at 
system start-up, 
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Before a pump is chosen for the PV-T system, certain pre 1 imi nary 

information is required: 

(I) The tentative system piping layout should be designed. 

(2) The requ i red pump capac ity, Q, shou 1 d be determi ned. Thi s 

capacity is a function of the energy collected by the collector 

field, the field inlet and desired outlet temperatures, and the 

fluid specific heat, density, and maximum temperature limit . 

(3) The system head loss, H, to be made up by the pump must be 

calculated. The head loss depends on the pipe sizes used in 

the system 1 ayout, consequent ly, pump s i zing may be an itera

tive procedure. 

(4) The net positive suction head available (NPSHA) to the pump 

must be determined. This is the energy in feet of liquid 

pumped that must exist at the pump inlet over and above the 

vapor pressure of the 1 iquid at operation temperature. The 

available NPSHA is: 

NPSHA = 
Pi - P -= __ ~v + (Eq. IV-70) 

p 

where: 

NPSHA = available net positive suction head during opera

tion, meters (feet) of fluid 

PI pressure on surface of 1 iquid in suction vessel, 

Pa (psf) absolute 

p 

S 

= vapor pressure at 1 iquid temperature, Pa (pounds 

per square foot) absolute 

= fluid density, kg/m3 (lb per cubic foot) 

= vert i ca 1 distance from pump center 1 i ne to 1 eve 1 

of 1 iquid in suction vessel, meters (feet), posi

tive if level is above pump, negative if below 

hf friction losses in suction piping, meters (feet) 

of fluid 
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The NPSHA of the system must be 0.915 m (3-ft) greater than the net posi

tive suction head required (NPSHR) by the pump in order to prevent fluid 

cavitation which lowers the pump efficiency, makes noise, and damages the 

pump. NPSHR is determi ned from tests conducted by the pump manufac

turers, and is dependent on the pump design and flow rate. 

There are generally two categories of pumps, positive displacement 

(PO), and centrifugal. The PO pumps are basically "constant volumetric 

• 

rate" pumps when operated at a constant rpm. They include rotary (gear, • 

screw, lobe, etc.), and reciprocating (piston, plunger, etc.) pumps. PO 

pumps are usually used when a metered volume of pumped fluid is to be 

added to a process, when pumping high viscosity fluids (oil-field mud 

pumps, slurry pipelines, etc.), or when high pressures are required 

(boiler feedwater pumps). Since the clearances are minimal between 

rotating parts in PO pumps, they often exhibit wear when pumping fluids 

that are not clean. For this reason, and the fact that PO pumps are more 

cost ly than centrifuga 1 pumps, it is recommended that centri fuga 1 pumps 

be used on the PV-T system. 

Single-stage centrifugal pumps are usually used in high flow rate 

systems and are capable of passing larger fluid contaminates than PO 

pumps, thereby reduci ng maintenance repairs. For any given pump (PO or 

centrifugal), the relationship between a pump with a given diameter at 

two different speeds, N1 and N2, are described by the "affinity laws" as 

follows: 

Hi 

" (:~ )' H2 
(Eq. IV-7IJ 

Q1 Ni 
Q2 N2 

(Eq. IV-72) 
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where: 
N ~ pump speed, rpm 

H = total head, meters (feet) of fluid 
Q = flow rate, m3/sec (gpm) 
BHP = kilowatts (brake horsepower), 

(Eq. IV-73) 

BHP (Q){H){specific gravity) (English units) 
3960 (pump efficiency) 

kW = {Q)(H){specific gravity} (SI units) 
(1000) (pump efficiency) 

(Eq. I V -74 ) 

Specific speed (Ns ) is a non-dimensional design index used to 
classify pump impellers as to their type and proportions. It is defined 
as the speed in revolutions per minute at which a geometrically similar 

impeller would operate if it were of such a size as to deliver one gallon 
per minute against one foot head. The understanding of this definition 
is of design engineering significance only, however, and specific speed 

should be thought of as an index used to predict certain pump character
istics. The following formula is used to determine specific speed: 

(Eq. IV-75) 

where: 
N = pump speed in rpm 
Q capacity in gpm at the best efficiency pOint (BEP) 

H total head per stage in feet at the best efficiency point. For 

double suction impellers, the total flow should be divided by 
two when calculating the specific speed • 
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The speci fi c speed determi nes the general shape or class of the 
impeller as shown in figure IV-27. As the specific speed increases, the 
ratio of the impeller outlet diameter, O2, to the inlet or eye diameter, 
01, decreases. This ratio becomes 1.0 for a true axial flow impeller. 
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OJ 
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0 0 
';! 0 

'" 
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Rotation 
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Figure IV-27. Impeller Design Versus Specific Speed 

Radial flow impellers develop head principally through centrifugal 
force. Pumps of higher specific speeds develop head partly by centri
fugal force and partly by axial force. A higher specific speed indicates 
a pump design with head generation more by axial forces and less by 
centrifugal forces. An axial flow or propeller pump with a specific 
speed of 10,000 or greater, generates its head exclusively through axial 
forces. Radial impellers are generally low flow/high head designs where
as axial flow impellers are high flow/low head designs. 

Most of the pumps selected for a PV-T system will have flow rates 
between 0.00631 and 0.01893 m3/sec (100 and 300 gpm), heads between 15.2 
and 61 m (50 and 200-ft), and pump speeds of either 3,500, 1,750 or 
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1,150 rpm. This means that generally the specific speeds will be between 
200 and 3,000. As indicated in figure IV-27, this type of pump wi 11 

either have a Radi a 1 or Franc; s vane area des; gn and wi 11 have a pump 
curve characteristic as shown in figure IV-28. 
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Figure IV-28. Radial Flow Pump 

Figure IV-29 shows the general effect of reducing the impeller 
diameter for a centrifugal pump with a given casing size and rpm. 

Omax 

H 

BDM/A-82-458-TR-R1 

Figure IV-29. Variable Impeller Diameter Curves 

After calculating the system flow rate (Q), system pressure drop 
(H), and system NPSHA, the optimum pump size and corresponding efficiency 
can be calculated. As an example, use Q = 0.0158 m3/sec (250 gpm), H = 
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45.7 m (150-ft), NPSHA = 6.1 m (20-ft), and pump speed of 3500 rpm. Use 
the nomograph of figure IV-3~ to calculate pump specific speed (Ns ) by 
entering the graph at 250 gpm and following up to pump speed of 3500 rpm, 
across to the system head loss of 150-ft, and then up to read Ns = 1300. 

2.5 

1.5 

2.5 

1.5 

8 

PUMP SPECIFIC SPEED SUCTION SPECIFIC SPEED 

GALLONS PER MINUTE {gpmJ 

COMMERCIAL PUMPS 

SPECIAL IMPELLER DESIGN 
c. STABLE ONLY AT BEP 

NS AND NSS -~ ~~I ~ rpm 

H (h) 

@BEP AND MAX 

OIA PEA STAGE 

BDM/A-82-458-TR-Rl 

Figure IV-3~. Nomograph Relating Pumping Head, Capacity, and 
Speed to Determine Pump and Suction Specific 
Speeds for Centrifugal Pumps (V. Lobanoff, 
"Specific Speed is a Usefull Index for Pump 
Design and Selection," Power, June 1979) 
(Reproduced with permission of Author) 

Another important cons i derat i on is the suct i on specifi c speed (N ss) 
which is calculated similarly to the pump specific speed (N s)' except 
that the NPSHR of the pump is used instead of the system head. 
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N ss (NPSHR)3/4 
(Eq. IV-76) 

The N of the pump cannot be cal cu 1 ated yet because we have not chosen ss 
the pump, and therefore do not know its NPSHR. However, most commer-

cially available pumps operate within a Nss range from 7000 to 10,000, 

and this range can be checked now against the operating conditions as 

shown with the dotted 1 ine in figure IV-3~. Reading the range of NPSHR 

for the range of Nss between 7000 to 10,000 we find that: 3.35 m < 

NPSHR < 4.57 m (11-ft < NPSHR < 15-ft). Since the system NPSHA is 6.1 m 

(20-ft), then the NPSHA exceeds the highest possible NPSHR by 1.52 m 

(5-ft) which is greater than the 0.91 m (3-ft) recommended, and is 

therefore sufficient. If this had not been the case, a lower pump speed 

would have been required. 

Since the system's NPSHA is sufficient for almost any commercially 

avai lable pump, the pump casing size and efficiency can now be calcu

lated. Entering figure IV-31 with the Ns of 1300 calculated from figure 

IV-3~, proceed until the maximum best efficiency point (BEP) of 77 

percent is found, then read across for Os = 1.25. This is the "specific 

diameter" and allows the optimum pump diameter to be calculated from: 

(Eq. I V-77) 

• For the example: 

• 

D 
1. 25 1250 

(150)1/4 
5.6-in (14.2 ern) 

In summary, it has been shown that a constant flow rate system has a 

lower annual average temperature and is, therefore, more efficient than a 

constant temperature system. The advantages of centrifugal pumps over PO 
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Figure IV-3l. Specific Diameter Versus Specific Speed and BEP 
(Excerpted by Special Permission from CHEMICAL 
ENGINEERING (April 3, 1978), Copyright 1978, by 
McGraw-Hill, Inc., New York, NY, 10020 
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pumps was presented and the genera 1 behavior of centrifugal pumps and 
their design was explained. Knowing the system's design flow rate (Q) 

and head (H), the optimum best efficiency point (BEP) and pump size were 
chosen using the specific speed (N s) parameter. After selection of the 
optimum pump size, the des i gner can now search through pump manufac
turer's catalogs and choose the appropriate pump • 

G. VALVES 

Valves are installed in a mechanical system to regulate flow and 
temperature, and to i so 1 ate fl ow for maintenance. The number and char
acteristics of valves chosen for a solar system should be selected care
fully because valves add to system cost and are sources of pressure drop 
and heat loss duri ng operation and overni ght coo l-down. PV-T systems 
operate at low temperatures (<103.4°C) which allows flexibility in valve 
choice. In addition, PV-T systems generally do not operate at high pres
sures and are often closed systems. Sealing pressures are not high and 
absolute shutoff is generally not necessary. Isolation valves would most 
often be closed when the system is down and some degree of leakage can be 
accepted. Automatic valves may be used in systems that use an expensive 
heat transfer fluid (HTF) in order to prevent loss of the costly fluid 
when a leak is detected by the system. 

1. Selection of Valves 
Before the proper va 1 ve can be selected for an app 1 i cat ion in 

the PV-T system, certain design parameters must be known about the 
system: 

(1) System pipe material and size 
(2) System temperature 
(3) System pressure 
(4) System HTF 
(5) Maintenance schedule for valve 

After determining these factors, the proper valve can be chosen 
for a specific application in the PV-T system • 
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2. Construction of Valves 
The materials used to construct a valve and the type of connec

tor are important aspects of choosing a valve, and must be compatible 
with the rest of the system. 

a. Materials 
1) Valve Body 

It pays to know the range of materials from which 
valves, fittings, and pipe are usually made, and to understand the 
pressure, temperature and structura 1 1 imi tat ions of each materi a 1. It 
may be highly unsafe to use certain materials for services beyond their 
recommended maximum. Piping equipment commonly used in industry falls 
into the four basic material groups shown below. There are also one or 
more variants in each of these groups, and each variant has individual 
service characteristics. 

a) Bronze 
Bronze is widely used in valves and fittings for 

temperatures up to 232.2oC (450oF). It is an alloy of copper, tin, lead, 
and zinc. 

b) Cast Iron 
Cast Iron is regularly made in three grades-

cast iron, ferrosteel, and high tensile iron. It should not be used for 
temperatures exceeding 232.2oC (450oF). Cast iron is commonly used for 
small valves and fittings having light metal sections. Ferrosteel is 
stronger than cast iron, and used for valves and fittings having medium 
metal thicknesses. High tensile is a high strength alloy cast iron prin
cipally used for casting large valves. 

c) Malleable Iron 
Malleable iron is particularly suited for use in 

screwed fittings, unions, etc., and also is used to some extent for 
valves and flanges. It is characterized by pressure tightness, stiff
ness, and toughness and is especially valuable for piping materials sub
ject to expansion and contraction stresses and shock. 
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d) Steel 

Steel is recommended for high pressures and tem

peratures and for services where working conditions, either internal or 

external, may be too severe for bronze or iron. Its superior strength 

and toughness, and resistance to piping strains, vibration, shock, low 

temperature, and damage by fire afford rel iable protection when safety 

and utility are desired. Many different types of steel are necessary and 

available because of the broad application of steel valves and fittings. 

2) Valve Seal 

For the temperature and pressure ranges of a PV-T 

system, elastomers or impregnated asbestos are used for valve seals. 

Five such seal materials are listed below. 

a) Buna N 

A general purpose elastomer su itab 1 e for han

dling water, chemicals, and non-aromatic oils. Features high tensile 

strength, excellent resiliency properties, and long-time effectiveness in 

addition to a temperature range of _11.1 0 to +82.20 C (_200 to 1800 F). 

b) (Ethylene-Propylene-Terpolymer) EPT 

Increasingly popular in commercial and institu

tional piping installations. Handles water, gases, and many chemicals. 

Not suitable for oils. Temperature range of _11.1 0 to +1350 C (_200 to 

2750 F). 

oils and solvents. 

2250 F). 

c) 

d) 

Hypalon 

Except i ana 1 res i stance to chemi ca 1 s as we 11 as 

Temperature range of _11.1 0 to +107.20 C (_200 to 

Viton 

Offers top resistance against corrosives, par

ticularly at higher temperatures. Also suitable for handling oil, 

gasoline, and hydrocarbons. Temperature range of _11.10 to +107.20 C 

(_200 to 2250 F). 

e) TFE 

Bas i c i ngred i ents are asbestos impregnated with 

30 to 35 percent TFE (tetrafluoroethylene) for use up to 192.90C (375°F). 
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A suitable binder is used to provide stability of molded parts. In addi
tion, packings used with ferritic steel stems contain a corrosion inhib
itor to avoid pitting of the stem. This seal has good service with 
petroleum oil products. 

b. Connect ions 
Just as a chain is only as strong as its weakest link, a 

piping system is no better than its connecting links. Specifying the 
right end connection on valves and fittings is, therefore, crucial. 

Descriptions of the types of end connections most commonly 
used on valves and fittings follow, although not all piping materials are 
available in all types of end connections. Each type has one or more 
variants, with steel flange joints having the greatest variety. 

1) Threaded 

• 

• 
Screwed end valves and fittings are by far the most 

widely used. This type of end connection is found in brass, iron, steel, 
and alloy piping materials. They are suited for all pressures, but are 
usually confined to smaller pipe sizes. The larger the pipe size, the • 
more difficult it is to make up the screwed joint. 

2) Welded 
Welding ends, available in steel valves and fittings 

only, are used mainly for higher pressure-temperature services. They are 
recommended for 1 i nes not requ i ri ng frequent d i smant 1 i ng. There are two 
types of welding end materials: butt- and socket-welding. Butt-welding 
valves and fittings come in all sizes; socket-welding ends are usually 
limited to smaller sizes, (less than 5.08 cm or 2-in). 

a) Butt-We 1 ded 
Butt-welded joints are designed to combine ser

viceability with ease of installation. Butt-welding consists of beveling 
the two ends, lining up the two openings, and then making the circumfer
ential butt-welds. 

b) Socket-Welded 
Socket-welding simplifies the welder's task. 

Socket-welding fittings have deep sockets with ample "come and go," hence 
pipe need not oe cut to precise lengths. 
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The socket type weld has advantages over the 

butt weld that render it more suitable for smaller size piping (less than 

5.08 cm or 2-in). Pipe does not have to be cut accurately unless it must 

be butted against a fitting shoulder. Since the pipe end slips into and 

is supported by the socket, the joint is self-aligning. Tack welding, 
special clamps to line up and hold the joint, and backing rings are 
unnecessary. Pipe used in socket-welding does not require beveling, and 

"icicles" and weld spatter cannot enter the pipe. 

3) Brazed 

Brazed end connections are available on brass 

materials. The ends of such materials are specially designed to use 
brazing alloys to make the joint. When the equipment and brazing 
material are heated with a welding torch to the temperature required by 

the alloy, a tight seal is formed between the pi pe and valve or fitting. 

Despite similar construction, a brazed joint will withstand higher tem

peratures than a soldered joint due to the brazing materials used. 

4) Solder 

Solder-joint valves and fittings are used with copper 
tubing for plumbing and heating lines and for many low pressure indus

trial services. The joint is soldered by applying heat. Due to narrow 

clearance between the tubing and the socket of the fitting or valve, the 
solder flows into the joint by capillary attraction. The use of soldered 

joints under temperature is 1 imited because of the low melting-point of 
the solder. 

5) Flared 

Flared end connections are commonly used on valves 

and fittings for metal and plastic tubing up to 5.08 cm (2-in) diameter. 

The end of the tubing is skirted or flared, and a ring nut is used to 

make a union-type joint. 

3. Types of Valves 

Several types of valves are typically used in systems to 

perform specific functions of isolation, throttling, check (back flow 
prevention), and pressure relief. These valves are shown in figure IV-32 

and are described below. 
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a. Isolation Valves 

Valves that are used for "on/off" or "fully open/fully 

closed" type of operati on are called i so 1 ati on valves. Types of i so 1 a

tion valves are quarter-turn, multi-turn, and piston/plunger which will 

now be described. 

1) Quarter-Turn 

Valves of the "quarter turn" family are so designated 

because a 900 turn of their operator fully opens or closes the valve. 

Two major categories are "butterfly" and "ball" valves. Both exhibit low 

pressure drop when fully open. 

a) Butterfly Valves 

Butterfly valves utilize elastomer seats and 

seals and their popularity can be attributed to the advancements made in 

elastomer materials and their low cost. They are used in the wide-open 

or fully closed position and are generally lighter in weight than conven

tional valves. The position of the lever indicates whether they are wide 

open, partially open, or fully closed. They are widely used in paper 

mills and cement mills, chemical and food processing plants, water fil

tration plants, petroleum product lines, air conditioning and water 

control, and similar applications. The valves are rated up to 64.4oC 

(lBOoF) and are bubble-tight at pressures up to 1.4 MPa (200 psi) for 

5.0B cm to 30.4B cm (2 to 12 inch) sizes. Their Buna N seat is dimen

sioned to give maximum resiliency under the seating band of the disc. 

This permits optimum disc impingement for greater seat tightness without 

overstressing the liner. Seat materials other than Buna N are available. 

Butterfly valves are compact and space-saving, and easily installed in 

new piping or readily used as replacements in existing piping. They are 

easily adapted to lever, manual gear, or motor operation. They exhibit a 

small pressure drop due to the flow design. 

Butterfly valves are available in large diame

ters but generally not in sizes less than 5.0B cm (2 inches) and should 

not be used when absolute shutoff is required. 
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b} Ball Valves 

The advantages of quarter-turn ball valves are 

straight-through flow, minimum turbulence, low torque, tight closure, and 

compactness. Re 1; ab 1 e operat i on, easy maintenance and· 1 ong-l i fe economy 

justify their extensive application. Industrial, chemical, petro

chemical, refinery, pulp and paper, gas transmissions, water works and 

sewage, and power plants are util izing ball valves where other types of 

valves have proven inadequate. Ball valves feature a top-entry capsule 

des i gn prov i ding easy "i n- 1 i ne" maintenance, if ever requ ired. The two

piece capsule encasing the ball can be replaced with only a screwdriver 

or small wrench without removing the valve from the line. This inexpen

sive bronze valve (also carbon steel) is available in small sizes with 

screwed or solder-joint ends. Ball valves feature a synthetic elastomer 

capsule compounded especially for water service and hot oil. The 

elastomers, EPT and TFE, retain their resiliency and stability over a 

broad temperature range. All sizes have a bonnet gasket and packing box. 

Ball valves are an ideal choice for almost any water appl ication within 

their pressure-temperature range. They are particularly suitable in 

water services subject to temperature fluctuations. TFE seals are recom

mended for a petro 1 eum type HTF. Because of th is construction, ball 

valves have a small drop and a small heat loss during operation. 

2) Multi-Turn 

A gate valve usually requires more turns to open it 

fully than do globe valves. Also, unlike many globe valves, the volume 

of flow through the valve is not in direct relation to the number of 

turns of the handwhee 1. Gate valves are by far the most wi de 1 y used in 

industrial piping because most valves are needed as stop valves, to turn 

off or fully turn on flow--the only job for which gate valves are recom

mended. Gate valves are inherently suited for wide-open service. Flow 

moves in a straight 1 ine, and practically without resistance when the 

disc is fully raised. Seating is perpendicular or at right angles to the 

line of flow and meets it head on. That is one reason why gate valves 

are impract i ca 1 for thrott 1 i ng servi ce and for too frequent operat i on. 
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For instance, a 7.62 cm (3-in) gate valve holding fluid at 0.69 MPa (100 

psi), puts a load of almost 454 Kg (1000 pounds) on one side of the disc, 

if there is only atmospheric pressure on the other. While seated tight, 

there is no wear or undue stra in on disc or seats. But each time the 

valve is "cracked open," there is a threat of wire drawing and erosion of 

seating surfaces by the high-velocity flow. Repeated movement of the 

disc near point of closure under high-velocity flow, may create a drag on 

seating surfaces and cause galling or scoring on the downstream side. A 

slightly opened disc may cause turbulent flow with vibration and 

chattering of the disc. Since most gate valves have wedge discs with 

matching tapered seats, refacing or repairing of the seating surfaces is 

not a simple operation. Gate valves, like butterfly and ball valves, 

exhibit low pressure drop when fully open. They come in all sizes and 

are rated for the temperature and pressures of PV-T systems. 

3) Piston/Plunger 

Solenoid valves are similar in flow design to globe 

valves, but are electrically controlled to operate in either a fully open 

or fully closed manner. Depending on whether the valve is a normally 

open (N.D.) or normally closed (N.C.) valve, a piston or plunger that 

holds the valve disc moves on or off the disc seat to close and open the 

valve. Solenoid valves only work in one flow direction with the high 

pressure above the disc. They are most ly made of bronze and have a 

maximum pressure differential that they can operate against. Valve sizes 

are up to 7.62 cm (3-in) and they typically require 50 to 75 watts to 

energize. Temperatures up to 113.4oC (300oF) and pressures up to 1.4 MPa 

(200 psi) are common. 

b. Throttling Valves 

Valves used to regulate or restrict flow are called 

throttling valves. The most common type of throttling valve is a globe 

valve. Unlike the perpendicular seating in gate valves, globe valve 

seating is parallel to the line of flow. All contact between seat and 

disc ends when flow begins. This is an advantage for more efficient 

throttl ing of flow, with minimum wire drawing and seal erosion. The 
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directly proportional relation of size of seat opening to number of turns 

of handwheel, a distinctive feature of plug-type globe valves, permits 

close fl ow regu 1 at i on. An operator can gauge the rate of flow by the 

number of turns of the whee 1 • Shorter di sc travel with fewer turns 

required to operate globe valves saves considerable time and work, 

bes i des wear on valve parts. Whatever wear occurs as the resu 1t of 

frequent or severe operation presents less of a maintenance problem than 

in gate valves. Seats and discs in most globe valves can be repaired 

without removing the valve from the pipe line. Globe valves come in all 

sizes and are rated for the temperatures and pressures of PV-T systems. 

c. Check Valves 

To prevent back flow in a pipeline, a check valve is used. 

Check valves allow flow in only one direction, come in all sizes, and are 

rated for temperatures and pressures of PV-T systems. Although all check 

valves fall into two basic categories, swing and lift, each has many 

variants. Swing checks, for example, are available in straight-way and 

"V" patterns. Some have regrindable metallic discs, others, non-metallic 

disc facings. Outside lever and weight may be attached when necessary to 

increase sensitivity to flow. Lift checks are made in horizontal globe 

and angle patterns. 

1) Lift Check Valves 

Flow through a lift check follows a turning course 

through a hori zonta 1 bri dge wall on whi ch the di sc is seated. The disc 

is equ i pped with a short gu i de, usua lly above and be 1 ow, wh i ch moves 

vert i ca lly in integral gu ides in the cap and bri dge wall. The disc is 

seated by backflow, or by gravity when there is no flow, and is free to 

ri se and fall, dependi ng on the pressure under it. Lift checks are 

recommended for steam, air, gas, water, and general vapor services. 

2) Swing Check Valves 

Since fluid movement through the valve body approxi

mates straight line flow, swing check valves offer less resistance to 

flow than lift checks. Swing checks are, therefore, widely used for all 

pressure services, and especially on liquid lines. The disc, which is 
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hinged at the top, seats against a machined seat in the tilted bridge 
wa 11 openi ng. The di sc swi ngs free ly in an arc from fu lly closed pos i
tion to one providing unobstructed flow. The valve is kept open by flow, 
with the size of opening varying with the volume of flow. Gravity and 
reversal of flow seat the disc, thereby preventing backflow. 

d. Pressure Relief Valves 
Pressure rel ief valves (PRV) are installed in a system in 

order to relieve over-pressures in the system, should they occur. 
Normally the discharge of the PRV is vented to the atmosphere (open dis
charge). The set pressure of the PRV is to be less than the smallest 
allowable pressure of any component of the system which is being 
relieved. ANSI-B31.1 Power Piping Code (1980) states: 

122.6 Pressure Relief Piping 
Pressure rel ief piping within the scope of this code shall be 

supported to sustain reaction forces, and shall conform to the 
following requirements • 

122.6.1 Piping to Pressure-Relieving Safety Devices. There 
shall be no intervening stop valves between piping being protected 
and its protective device or devices. 

122.6.2 Discharge Piping from Pressure-Relieving Safety 
Devices. 

(A) There shall be no intervening stop valve between the pro
tective device or devices and the point of discharge. 

(8) When discharging directly to the atmosphere, discharge 
shall not impinge on other piping or equipment and shall be directed 
away from platforms and other areas used by personnel. 

(C) It is recommended that individual discharge lines be used, 
but if two or more reliefs are combined, the discharge piping shall 
be designed with sUfficient flow area to prevent blowout of steam or 
other fluids. 

Sectional areas of a discharge pipe shall not be less than the 
full area of the valve outlets discharging thereinto and the dis
charge pipe shall be as short and straight as possible and so 
arranged as to avoid undue stresses on the valve or valves. 
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(D) Discharge lines from pressure-relieving safety devices 
within the scope of this Code shall be designed to facilitate 
drainage. 

(E) When the umbrella or drip pan type of connection is used, 
the discharge piping shall be so designed as to prevent binding due 
to expansion movements. 

(F) Drainage shall be provided to remove water collected above 
the safety valves seat. 
4. Automation of Valves 

I f the HTF of a PV-T system is a combust i b 1 e or ex pens i ve 
fluid, the designer may want to use automatic control valves to isolate 
system 1 eaks when they are detected. Common method s of actuat i on are 
with electric or pneumatic controls. Even though a compressed air supply 
is often available at an industrial plant, it may not be available at a 
commercial building, therefore, electric controls are recommended for 
PV-T systems. These e 1 ectri c actuators may be specifi ed for hazardous 
locations (NEMA 7) when used with a combustible HTF. The actuators can 
interface with all the valves mentioned thus far, except check and relief 
valves. Control of the actuators comes from temperature, pressure, and 
flow sensors. 

5. Location of Valves 
Valves work best when standing upright, with the stem pointing 

straight up. Any stem position from straight up to horizontal is satis
factory, but still represents a compromise. Normally, installing a valve 
with its stem down is not good pract i ce. Wi th a va 1 ve in th is inverted 
position, the bonnet acts as a trap for sediment which may cut and damage 
the stem. An upside down position for valves on liquid lines subjected 
to freezing temperatures is bad because liquid trapped in the bonnet may 
freeze and rupture it. However, in solar systems, valves are usually 
installed with stems down so that if they leak the coolant wi 11 not 
saturate the insulation and produce greater heat loss. If the HTF is 
combustible, this acts as a safety feature, preventing wicking of oil 
throughout the insulation and causing a subsequent fire hazard. 
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On lines where continuous flow is desired. it is safer to have 
pressure below the disc than above it. For example. a disc may become 
separated from its stem and automat i ca lly shut off flow if pressure is 
above the disc. If this is dangerous for certain installations. then the 
pressure should be below the disc. In general, however. unless pressure 
under the disc is definitely required. a globe will give more satis
factory service when installed with pressure above the disc. An 
exception is a valve with a renewable composition disc which. preferably, 
should have pressure below the disc to assure longer disc life. 

Cons i derab 1 e caut] on shou 1 d be exerci sed when i nsta 11 i ng any 

check valve. whether swing or lift check type. to ensure that flow enters 
at the proper ~nd, i.e •• that the disc opens with flow. If the marking 
on the body of the valve is followed. the valve will be properly 
installed and the disc will be properly seated by backflow, or by gravity 
when there is no flow. 

Spri ng loaded re 1 i ef valves shou 1 d be i nsta 11 ed with the stem 
vertical. For air or gas service, these valves should preferably be 
installed inverted, to allow moisture to collect and seal the seating 

surfaces. No chips, scale, pipe dope, or other foreign matter should be 
left in the inlet of the valve or in the adjacent connections. Whenever 

piping is installed in the inlet or outlet of these valves. it must be at 
least as large as the valve connections. Under no circumstances should 
it be reduced. This piping should be adequately supported to prevent 
line strains from causing the valve to leak at the seat. 

Valves should be located for ease of operation and maintenance . 
The following should be considered when locating valves: 

(1) Valves should be placed in lines from headers in horizontal 

rather than vertical runs, so that lines can drain when valves 
are closed. 

(2) Valves should be mounted directly to flanged equipment to avoid 
spooling unnecessary lengths of pipe. 

(3) Adequate clearance should be provided between flanges and 
supports, etc., for ease of installation • 
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(4) Avoid, whenever possible, locating valves on pipe racks. 

(5) Locate main isolation valves where they can be operated in an 

emergency. 

(6) Manually-operated valves should be located at the plant 

perimeter. 

(7) Protect automatic operators from the possible effects of fire. 

(8) Locate valves, whenever possible, so that supports will not be 

~ 

on removable spools. ~ 

(9) Locate valves so that valve stems do not project into walkways, 

ladder space, etc. 

(10) Valves in the heat transfer fluid system should be positioned 

with the stem downward in order to prevent insulation satura

tion and therefore reduce fire hazards and heat loss. 

6. Application of Valves 

It is generally preferable to weld steel valves in place for a 

solar system, particularly when operating under high pressure or using 

synthetic heat transfer oils. Compared to flanges and screwed fittings, • 

welds are less massive, 

more easily insulated. 

possibly higher initial 

leak-free, have lower friction losses, and are 

The disadvantages of welding, in addition to 

cost, is the lack of flexibility in the piping 

system. For instance, the line cannot be broken for cleaning. Great 

care must also be taken not to gall the seat of valves welded-in-place 

due to replacement difficulty. 

Isolation valves should be placed at the inlet and outlet of 

pumps. Butterfly valves should be used for temperatures less than 1350 C 

(2750 F), if possible. Storage tanks and other vessels should be isolated • 

with valves. 

Gate and globe valves are considerably more massive than 

butterfly or ball valves. Their stems provide a considerable surface for 

heat loss. Gate valves should only be used in the fully open or fully 

closed position. In the partially open position, the gate is subject to 

rapid wear and positive sealing will be lost. When fully open, a gate 

valve causes minimal pressure drop. A globe valve always results in 
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considerable pressure drop. Flow through the valve is almost propor
tiona 1 to the number of screw turns that the valve is open. Due to the 
large pressure drop across globe valves. ball valves are recommended for 

minor throttling. 
Ball valves should be used for vents and drains, as well as to 

isolate instruments such as pressure and flow indicators. and for minor 
throttling. If piping is correctly sloped with as few changes in slope 
as possible. vent and drain valves can be located to serve large lengths 
of line, thus minimizing the number of such valves. 

H. MANIFOLD PIPING 

Piping in the U.S. has its diameter specified in terms of inches and 
pump curves are drawn in terms of gallons per mi nute of flow rate and 
feet of head of deve loped pressure. So that the concepts developed in 
this section can be applied more easily to manufacturers' data. relation
ships in this section will be developed in English units. 

Manifold piping is required to send and return the heat transfer 
fluid to and from the collector field. This thermal transport system is 
one of tbe main components of a distributed. actively cooled. collector 
field. In designing the collector field piping. one must consider the 
effects of the layout on collector performance. thermal losses within the 
field. electrical energy for pumping. and the capital and installation 
costs of the piping network and insulation. In addition. the piping net
work must be designed for safety in accordance with the ANSI B31.1 Power 
Piping Code. In this section. the factors to be considered in a safe 
structural design. as well as the factors associated with minimizing the 
total piping costs will be discussed. 

1. Pipe Sizing and Cost Analysis 
As the diameter of the manifold pipe is increased, the electri

cal parasitic losses associated with pumping power decrease; however. the 
thermal losses and capital costs of pipe. fittings and insulation 
increases. As the manifold piping extends into the collector field. the 

IV-97 



THE 80M CORPORATION 

volume of fluid is reduced, so smaller pipe sizes with less heat loss and 
lower capital cost may be used; however, care must be taken that instal
l at i on costs are not undu ly increased due to the increased number of 
reducing flanges and associated welding. 

An analysis of the economically optimized pipe size was per
formed in reference IV-I2, which indicated greater pressure drops in the 
manifold than is typical for process piping systems. These larger 

• 

mani fo 1 d pressure drops are near ly equa 1 to the pressure drop in the • 
collector string, potentially causing flow regulation problems and exces-
sive temperature differentials between the collector rows. 

A study was performed in reference IV-I3 in which a constraint 
is placed on the manifold pipe sizes such that only 20 to 30 percent of 
the pressure drop in the collector row is to be dropped in the manifold 
piping. Using this constraint, a practical way to size and telescope the 
manifold was developed and is summarized here. 

After determi ni ng the pressure drop ina co 11 ector row (see 
equation IV-8) the allowable telescoping-manifold pressure drop can be • 
determined. Only the pressure drop in the manifold piping between 
collector rows is included in the allowable pressure drop, because pres-
sure drops in the supply and return lines affect all drive strings 
equa lly, and do not produce different co 11 ector fl ow rates. Once the 
telescoping-manifold pressure drop is set (typically 20 to 30 percent of 
the collector row pressure drop), the allowable pressure drop per foot of 
manifold pipe can be established. The length of the telescoping-manifold 
piping is divided into the total allowable pressure drop yielding the 
allowable average pressure drop per unit length of pipe. 

The 1 ength of the manifold depends on the distance between 
collector rows. The optimal distance between collector rows should trade 
off the effects of power losses due to collector shading, capital costs, 
field parasitics in terms of pumping power and electrical wire losses, 
and land costs. Collector shading and packing factors (collector 
aperture areall and area) were discussed in chapter I of Volume I for 
various collector types. The other factors depend on the specific appli
cation and collector field layout. 
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The allowable pressure drop per unit of manifold length deter
mines the manifold sizes. It is assumed that the average pressure drop 
per pipe unit is the same for all pipe sizes. This assumption prevents 
pipe sizing that allows large pressure drops in only one pipe size. The 
manifold piping may be sized using the pressure drops for the applicable 
unit flow given in figures IV-33 through IV-37. A flow unit is the flow 
rate (in gpm) through each collector row; the number of flow units is the 
number of rows. 

For an edge feed array, the manifo 1 d 1 ength (d i stance between 
first and last COllector) is given in equation IV-7B. The manifold 
length for a center fed array is given in equation IV-79. 

L = row spacing * (Number of rows-l) * 2 m (Eq. IV-7B) 

L = row spacing * (Number of rows - 1.5) * 2 (Eq. IV-79) m 

For a center feed array, it is not necessary for the hot return 1 i ne to 
extend to the end of the field. 

To size the manifold, first obtain the allowable pressure drop 
per foot of manifold ltngth from equation IV-BO. 

where: 

t:,p 
a = 

Ft:,P 
r 

L m 

t:,P r = row pressure drop 
F = 20 to 30 percent 

(Eq. IV-BO) 

Referring to figures IV-33 through IV-37, locate the intersection of t:,P a 
and the maximum number of flow units, or collector rows, on the appro-
priate figure for the row flow rate. Pressure curves under this inter
section are for pipes that are too large, with the proper size being the 
one directly above the intersection. To determine the number of rows fed 
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Figure IV-35. Pipe Sizing Chart for 8 gpm/row (5.05 X 10-4 m3/sec/row) 

IV-102 

• 

• 

• 

• 

• 



THE 8DM CORPORATION 

• 

• 
i= u.. --CJ) 

~ 
"-
0 
a: • Cl 
LlJ 
a: 
:J 
CJ) 
CJ) 
LlJ 
a: 
"-

• 
10-3 +-----,,-----.----.---,-----r---.-----, 

5 10 15 20 25 30 35 

• I~UMBER OF 10 GPM (6.31 x 10-4 m3!sec) FLOW UNITS BDM/A-82-458-TR-R1 

Figure IV-36. Pipe Sizing Chart for 10 gpm/row (6.31 x 10-4 m3/sec/row) 

IV-103 



THE BOM CORPORATION 

i=" 
u. --u; 
~ 
0.. o 
cr: o 10-1 
Lj.j 
cr: 
::J 
~ 
w 
cr: 
0.. 

10-2 

10-3 +---T----~--___r---_r---~---._--___, 
5 10 15 20 25 30 35 

NUMBER OF 12 GPM (7.57 x 10-4 m3/sec) FLOW U:\IITS BDMJA-82-45B-TR-R1 

Figure IV-37. Pipe Sizing Chart for 12 gpm/row (7.57 x 10-4 m3/sec/row) 

IV-104 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

THE 8DM CORPORATION 

by this pipe, the flow units are decreased until the average pressure 
drop in the pipe equals the allowable pressure drop. That is, when: 

6P = 6P aavg 
= 

1 
2 

(AP
max 

+ 6Pmin ) (Eq. IV-81) 

where 6Pmax is the pressure drop per foot at the maximum number of rows, 
and 6Pmin is the pressure drop that makes 6Pavg = 6Pa . 

The next pipe size is chosen in the same manner by locating the 
pressure drop curve directly above the intersection of the allowable 
pressure drop and the current number of flow units. The number of rows 
fed by this pipe size is similarly determined by reducing the flow units 
until the average pressure drop in the pipe is equal to the allowable 
pressure drop. An example design for the telescoping manifold is given 
below. 

Consider a collector field consisting of 36 6T strings of line 
focus Fresnel collectors, with 10 collector arrays per string. The flow 
rate per 6T string is 5 gpm (0.0003155 m3/sec) and the pressure drop per 
stri ng is 41 ps i (2.83 x 105 Pa). A center feed array is assumed wi th a 
row spacing of 20-ft (6.1 m). From equation IV-79, Lm = 1380-ft (421 m). 
From equation IV-80 with F = 0.2, the allowable pressure drop per foot of 
manifold length is 0.0061 psilft (137.3 Palm). Using this value in 
figure IV-33 locate the intersection with the number of rows. The pipe 
size immediately above this point is a 4-in (10.16 cm) pipe. Move down 
along this pressure drop curve until the average pressure drop for this 
pipe size equals the targeted allowable pressure drop; that is when: 

6P . min 

6P . mln 

2 6P - 6P . 
a max (2)(0.0061) - 0.00765 

0.0045 psi/ft (101.3 Palm) 
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The difference between the current flow unit and the total number of rows 

determines the number of rows fed by this size pipe (i.e,. 9 rows are fed 

by the 4-in or 10.16 cm pipe). 

Now locate the new pipe size (3-in or 7.62 cm) immediately . 
above the allowable pressure drop and the current number of flow units. 

The maximum pressure drop per foot of the 3-in (7.62 cm) pipe is 

0.0175 psilft (394 Palm) so that this pipe will feed the remainder of the 

• 

array. • 

2. Field Pressure Drop Calculation 

In order to size the circulation pump for the collector field 

coolant, the system head curve must be calculated. The total system head 

is the total discharge head (hd) minus the total suction head (h s )' 

Thus: 

(Eq. IV-B2) 

The total discharge head is the sum of: 1) static discharge head; 2) all 

pi pi ng and fri ct i on losses on the di scharge side of the pump i ncl ud i ng 

straight runs of pipe, losses at all valves, fittings, strainers, heat 

exchangers, and cool i ng towers; 3) pressure ina di scharge chamber or 

expansion tank (if a closed vessel); and 4) losses at sudden enlargements 

such as vessel entrances. 

Suction head exists when the 1 iquid supply level is above the 

pump centerl i ne or impeller eye. The tot a 1 suct; on head is equal to the 

static height in feet that the liquid supply level is above the pump 

centerline less all suction line losses between the liquid supply and the 

pump entrance. If the supply is in an enclosed vessel. the gage pressure 

on the supply liquid is added. 

In this section general relations are developed which can be 

used to calculate pressure drops through two types of collector fields. 
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The pressure drop. through the field is combined with the pressure drop 
through the rest of the piping network to obtain the total discharge head 
for the pump. 

a. Pressure Calculations 
A general relation for calculating the pressure drop 

through a length of pipe is: 

l',p = 
4.7 x 10 4 

L (Eq. IV-B3) 

Where: 

l',P pressure drop, psi (Pa) 
G flow rate, gpm (m3/sec) 
).l viscosity, Cp (Pa·s) 
L = equivalent length of pipe, ft (m) 
0 = pipe diameter, in (m) 
p = fluid density, lbm/ft3 (kg/m3) 

If SI units are used in equation IV-B3, the constant in the denominator 
will change to 6. 

As indicated previously, a data point from E-Systems for l5DoF 
(65.6oC), 30 percent ethylene glycol at 5.B5 gpm (3.7 x 10-4m3/s) through 
nine arrays resulted in a pressure drop of 50.3 psid (3.46 x 105 Pa). 
The pressure drop through the co 11 ectors may be assumed to follow the 
above relation, and the equivalent length of an array determined. Using 
figures IV-3B and IV-39 to determine the density and viscosity, the 
equivalent length can be found from: 

L e 
0 4 • 8 

= 
4 4.7 x 10 
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Figure IV-38. Specific Gravity of Aqueous Solutions of Ethylene Glycol 
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Figure IV-39. Viscosity of Aqueous Solutions of Ethylene Glycol 
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where Nc is the number of collectors. Then, the pressure drop in psi (or 
Pa) through a string of E-Systems arrays is given by: 

t:"p 8.58 x 10- 3 Glo8 0.2 pO.8 N 
(Eq. IV-84) 

= f.l c 

2.35 Glo8 0.2 0.8 
N (SI units) = f.l P c 

These relations can be used to determine the head required to 
produce a given flow rate through the collector field. In order to 
determine the pressure drop in the field, an electrical analogy for the 
field flow resistance is used with the following relations: 

t:"p = R Gl,·8 (Eq. IV-85) 

R 
t:"p (Eq. IV-86) = 

Glo8 

0 G t:"p R G2 • 8 (Eq. IV-87) p = = 
1714n 1714n 

G t:"p = = 
R G2 • 8 

(51 units) n n 

where: 

R fluid flow resistance--psid/(gpm)1.8 (Pa/(m3/sec)1.8) 

t:"P = pressure drop--psid (Pa) 
G = flow rate, gpm (m3/sec) 
o 
P = pumping power, hp (w) 
n = pump efficiency 
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In the following sections, a technique will be derived for 
calculating the pressure drop across two types of collector field 
layouts, end feed with direct return, and center feed. 

b. End Feed Direct Return 
Consider a collector field with N rows of collectors with 

equal flow (Gr ) through each row and with row spacing L (figure IV-40). 
The collector rows have supply and return manifolds on each end. The 
flow resistances of each row and each mainfold section are subscripted by 

Rm (N-l) 

t-----.I\N ....... ----4 t (N-ll Gr 

BDM/ A-B2-458-TR-R1 

Figure IV-40. Collector Field Flow Resistance Network 

This flow resistance network can be reduced to a single 
equivalent resistance by combining the resistances into successive 

IV-lll 
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equivalent series and parallel resistances. First consider the series 
res; stance of collector row 1 (Rrl ) and the correspond; ng supp ly and 
return manifold resistances (Rml ). Referring to figure IV-4l, the 
pressure drop of the equivalent resistance must equal the combined 
pressure drop of the manifold supply, collectors, and the manifold 
return. 

~Gr 
I Gr 

, EQUIVALENT 

ORIGINAL 
BDM/A-82-458-TR-Rl 

Figure IV-4l. Equivalent Series Flow Resistance 

Using equations IV-88 and IV-85, the equivalent series resistance is 
given by equation IV-gO. 

lIPm1 + lIP r1 + lIPm1 = liP sl (Eq. IV-88) 

Rm1 Glo8 = Rr1 Glo8 + Rm1 Glo8 = Rs1 Glo 8 ( IV-89) r r r r Eq. 

Rs1 2Rm1 + Rrl (Eq, IV-90) 

The equivalent series resistance for collector row 1 
reduces the network of fi gure IV-40 to that of figure IV-42, Now the 

parallel resistances of Rsl and Rr2 are to be combined into an equivalent 
resistance (see figure IV-43), The pressure drop from node "a" to node 

"b" is equal through Rsl and Rr2 and must be equal to the pressure drop 
through Rpl ' Therefore: 
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using 

b 

(Eq. IV-91) 

equation IV-85. 

pGr 

Rs1 

Gr • 

Rr2 t Gr 

-Gr 
Rm2 Rm2 

Rr3 
t2 Gr -G r 
Rm3 

3 Gr 

+ t3 G 
r 

Figure IV-42. Series Reduced Network 

Jt.AA 
yy., - Rp1 

Gs1 

+2G'I'1 

V0v 

r12G, 
-Gs1 + Gr 

Jt.AA a yy.., -Gr t 2 Gr EQUIVALENT 

ORIGINAL 

BDM! A-82-458-TR-Rl 

Figure IV-43. Equivalent Parallel Flow Resistance 

= R 1 (G 1 + G )1.8 (Eq. IV-92) 
pSI:" 
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or 1.8 
(Eq. IV-93) 

Equation (IV-93) gives the equivalent fluid r~sistance for 
Rsl and Rr2 in parallel with flow rates of GSl and Gr , respectively. 
Equation (IV-93) can be generalized to: 

R . 
p1 

I 

= Rs i i ~ 1 ( . )1.8 

= R . 
S1 

i G 
r 

G + 
r 

(Eq, IV-94) 

where "i" is the row number starting at the end of the collector field. 
The equivalent parallel resistance for collector rows 

and 2 reduces the network of figure IV-40 to that of figure IV-44. 

Rp1 

Rm2 

2 Gr. 
Rr3 t 2 Gr -Gr 

Rm3 Rm3 

3 Gr l : t 3 Gr 

BOM/A·82-468-TR-R1 

Figure IV-44. Parallel Reduced Network 
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Comparing figure IV-44 with figure IV-40 indicates that they have the 

same network configuration and that Rr2 , Rrl , Rml of figure IV-40 have 

been resolved into Rpl ' of figure IV-44. Substituting Rpl for Rrl in 

equation IV-90 gives Rs2 which is used in equation IV-94 to give Rp2 ' 

Thus, the general relation for the series resistance is: 

R . 2R . + R . 
SI ml pI 

with 

Combining equations IV-B3, IV-84 and IV-B5, one obtains: 

R . = ml 

8.58 x 10- 3 ~0.2 p 0.8 N 
c 

0.2 0.8 
~ p L. 

1 

(Eq. IV-95) 

(Eq. IV-96) 

(Eq. IV-97) 

where Li and 0 i are the 1 ength and diameter of the manifo 1 ds between 

rows i and i + 1. 

The procedure of resolving the flow resistances into 

parallel and series equivalents is repeated until the network is reduced 

to only a single equivalent resistance. Then the pressure drop is found 

from: 

R (N G ) 1. 8 
eq r 

(Eq. IV-9B) 
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For an array with a single length between rows and a 
s i ngl e di ameter manifo 1 d, a simp 1 e computer program can be written to 
calculate the pressure drop across the collector field. This is shown in 
figure IV-45. 

0 Calculate Rrl from equation IV-96 
0 Calculate Rm from equation IV-97 

0 Rsl Rrl + 2 Rm 
0 For i = 1 to N - 1 

0 Rpi = Rsi (i / (i + 1))1.8 

0 Rs(i + 1) = Rpi + 2 Rm 
0 NEXT I 
0 Req = RSN 
0 ~P = RSN (N Gr )1.8 

BDMI A·82·458·TR·R1 

Figure IV-45. Computational Procedure for Calculating the Pressure 
Drop Across an End Feed Direct Return Collector Field 

c, Center Feed 
This type of collector field is shown in figure IV-46 

along with its res i st i ve network. The comp 1 ete fl ow res i stance network 
may be simplified by letting: 

(Eq. IV-99) 

where Rc is the res i stance of the co 11 ectors ina stri ng, R is the 
resistance of the piping between two collector strings, and Rr is the 
total resistance of a single collector loop. 
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Figure IV-46. Center Feed Collector Layout and Flow Resistance Network 
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Using the same arguments in the preceding section to 
obtain a single equivalent resistance, the pressure drop between nodes 
"a" and "b" is: 

'" D.P . = 
[1 

(Eq. IV-100) 

where Ppl is the pressure drop across and equivalent parallel resistance 
between nodes "a" and "b". Using equation IV-85: 

R[l Gl[.8 = R['1 G1[.8 = R (2G )1.8 pI [ 
" 

(Eq. IV-10l) 

The equivalent network and subsequent equivalent series network is shown 
in figure IV-47 where: 

R 1 + Rml p 

IV-1l8 

(Eq. IV-102) 
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Figure IV-47. Equivalent Flow Resistance Networks 

The pressure drop between nodes "c" and "d" is given by: 

(Eq. IV-103) 

CEq. IV-104) 

• ( 
1 ) 1.8 

Rp2 = Rr2 -4-
(Eq. IV-I05) 

By analogy with the derivation of Rs ' one finds: 

(Eq. IV-106) 

• 
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Again, a general relation for the equivalent parallel and series resis
tances can be deduced. 

(_1 )1.8 
Rpi = Rr 2i 

R . = R . + Rm 
51 pI 

The collector lesistance (Rc) is given by equation IV-96, and the resis
tance of the piping between collectors (R) is given by equation IV-97 
where L; is the sum of the length of pipe between collector strings and 
the equivalent length of two 900 elbows. The manifold resistance (Rm) is 
also given by equation IV-97 with Li the distance between collector 
strings. 

The total pressure drop across the field is given by 
equation IV-98. An equivalent resistance can be found using the proce-

• 

• 

dure in figure IV-48 where N is the number of parallel loops in the field • 
(six loops are shown in the example). 

0 Rr = 2 Rc + R from equations IV-96 and IV-97 
0 Calculate Rm from equation IV-97 

0 For i = 1 to N/2 

0 Rpi = Rr (1/2i)1.8 

0 Rsi = Rpi + Rm 
0 NEXT i 
0 Req = RSN 
0 ~P = Req (N Gr )1.8 

B DM/ A-82-458· TR· R 1 
Figure IV-48. Calculation Procedure for Pressure Drop 
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3. Power Piping Code 
It is recommended that the pipe in a PV-T system be designed to 

comply with ANSI 831.1 Power Piping Code (ref. IV-14). This code is more 
conservative than some other piping codes, reflecting the need for long 
service life (> 10 years) and maximum reliability in solar system instal
l at ions. An attempt to present the intent of the code as it app 1 i es to 
PV-T systems follows in this section. However, the code should be 
referred to in order to assure code compliance in a detailed design and 
even then, sound engineering judgement should be used, as indicated in 
the code's foreword: 

There are many instances where the code serves to warn a 
designer, fabricator, or erector against possible pitfalls; bLit the 
code is not a handbook, and cannot substitute for education, experi
ence, and sound engineering judgement. 

The code never intentionally puts a ceiling limit on conserva
tism. A designer is free to specify more rigid requirements as he 
feels they may be justified. Conversely, a designer who is capable 
of a more rigorous analysis than is specified in the code may 
justify a less conservative design, and still satisfy the basic 
intent of the code. 
4. Types of Pipe 

a. Materials 
For a typical PV-T system (T < 2500 F (121.1oC), P < 100 psi 

psi (0.69 MPa», standard wall thickness pipe is SUfficient to transport 
the HTF. Mil d carbon steel (CS) is recommended as the pi pe materi a 1 
because of its availability, cost, and weldability. In some instances, 
however, when there is cons i derab 1 e we 1 di ng, it may be more cost effec
tive to use a soldered copper system than a welded CS system. Plastic 
pipe is not recommended due to its susceptibility to ultraviolet and age 
hardening. 

For CS systems, Class 150 is sufficient for the pipe and 
line component specification. The recommended material for pipe is 
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ASTM-A106 seamless Grade B for pipe less than 2-in (5.08 cm) in diameter 

and ASTM-A53 ERW Grade B for pipe 2-in (5.08 cm) in diameter or greater. 

If small tubing « I-in or 2.54 cm) is required, 304 

stainless steel ASTM-A268 is recommended to be used with compression 

fittings. 

b. Connections 

Several methods for making joints in CS piping systems are 

available including welds, flanges, and threads. Welding is the recom

mended method for CS systems, especially when using a highly flammable or 

expens ive HTF. A we 1 ded system wi 11 reduce the number of hazardous or 

costly leaks. Socket welds (SW) are recommended for pipe sizes 2-in 

(5.08 cm) and smaller in diameter, while butt welds (BW) are recommend~d 

for pipe larger than 2-in (5.08 cm) in diameter. Hardware that requires 

high maintenance (e. g., valves, pumps, etc.) shou ld be fl anged in order 

to allow easy removal from the system. 

• 

• 

c. Pipe Support 

The three generic types of pipe supports are: hangers, guides, ~ 
and anchors. 

1) Hangers 

Pipe hangers are used to support only the weight of the 

pipe along with the carried fluid and insulation. The pipe rests on the 

hanger and is free to move due to thermal expans i on or other forces in 

the system. It is recommended that these hangers be designed with a 

rigid structural insulation at the point of support on the pipe (e.g., 

calcium silicate, foam glass, or Johns-Manville Marinite) which is • 

capable of supporting the pipe, yet preventing excessive heat loss that 

would occur if the pipe directly contacted the hanger assembly (see 

figure IV-49), 

• 
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REGULAR 
INSULATION 

1.-... 1---- CARRIER 
PIPE 

B DM! A-82-458-TR-R 1 

Figure IV-49. Typical Insulated Hanger 

Supports for piping with the longitudinal axis in approxi

mately a horizontal position should be spaced to prevent excessive sag, 

bending. and shear stresses in the piping, with special consideration 

gi ven where components, such as fl anges and valves. impose concentrated 

loads. Where calculations are not made, suggested maximum spacing of 

supports for standard and heavier pipe are given in table IV-8. Vertical 

supports should be spaced to prevent the pipe from being overstressed 

from the combination of all loading effects. 

2) Anchors and Guides 

Supports that are used to restrain movements are 

either anchors or guides. Anchors restrain movements in all directions. 

and guides restrain movement in one direction (usually transversely). 

These types of supports shou 1 d be des i gned per ANS I B3l.1 recommenda

tions: 
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TABLE IV-B. SUGGESTED PIPE SUPPORT SPACING 

SUGGESTED MAXIMUM SPAN 
NOMINAL WATER, STEAM, GAS, 
PIPE SIZE, OR AIR SERVICE 

(IN) (CM) (FT) (M) (FT) (M) 

1 2.54 7 2.13 9 2.74 
2 5.0B 10 3.05 13 3.96 
3 7.62 12 3.66 15 4.57 
4 10.16 14 4.27 17 5.18 
5 15.24 17 5.1B 21 6.40 
6 20.32 19 5.79 24 7.31 

NOTES: 
(1) Suggested maximum spacing between pipe support for horizontal 

straight runs of standardoand heavier pipe at maximum operating 
temperature of 7500 F (399 C). 

(2) Does not apply where span calculations are made or where there 
are concentrated loads between supports, such as flanges, 
valves, specialties, etc. 

(3) The spacing is based on a fixed beam support with a bending 

• 

• 

stress not exceeding 2300 psi (15.9 MPa) and insulated pipe • 
fi lled with water or the equivalent weight of steel pipe for 
steam, gas, or air service, and the pitch of the line is such 
that a sag or O.l-in (0.254 cm) between supports is permis-
sible. 

(1) Anchors, guides, pivots, and restraints should be designed to 
secure the desired points of piping in relatively fixed 
positions. They should permit the piping to expand and 
contract freely in directions away from the anchored or guided 
point, and should be structurally suitable to withstand the 
thrusts, moments, and other loads imposed. 

(2) Rolling or sliding supports should permit free movement of the 
piping, or the piping should be designed to include the imposed 
load and frictional resistance of these types of supports, and 
dimensions should provide for the expected movement of the sup-
ported piping. Materials and lubricants used in sliding 
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supports should be suitable for the metal temperature at the 
point of sliding contact. 

(3) Where corrugated or slip-type expansion joints, or flexible 
metal hose assemblies are used, anchors and guides should be 
provided where necessary, to direct the expansion into the 
joi nt or hose assembly. Such anchors shou 1 d be des i gned to 
withstand the force specified by the manufacturer for the 
design conditions at which the joint or hose assembly is to be 
used. If this force is otherwise unknown, it should be taken 
as the sum of the product of the maximum internal area times 
the design pressure, plus the force required to deflect the 
joi nt or hose assembly. Where expans i on joi nts or fl exi b 1 e 
metal hose assemblies are subjected to a combination of longi
tudinal and transverse movements, both movements should be 
considered in the design and application of the joint or hose 
assembly. 
Flexible metal hose assembl ies should be supported in such a 
manner as to be free from any effects due to torsion and undue 
strain as recommended by the manufacturer. 
c. Stresses in Pipe 

1) Load Analyses 
To comply with ANSI 831.1 Code, a piping system must 

be analyzed between anchors for the effects of thermal expansion, weight, 
other sustained loads, and other occasional loads. Each component in the 
system must meet the limits in this section. It should be noted that 
the pressure term in equations IV-10l and IV-lOB may not apply for 
bellows and expansion joints. When evaluating stress in the vicinity of 
expansion joints, consideration must be given to actual cross-sectional 
areas that exist at the expansion jOint. 
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a) Sustained Loads 
The effects of pressure, weight, and other sus

tained mechanical loads must meet the requirements of equation IV-I07. 

where: 
P = internal design pressure, psig 

Do = outside diameter of pipe. in 
tn = nominal wall thickness of component. in 

(Eq. IV-I07) 

MA = resultant moment loading on cross section due to weight 
and other sustained loads. in-lb 

l = section modulus. in3 

= stress intensification factor. The product 0.70i shall 
never be taken as less than 1.0. 

Sh = basic material allowable stress at maximum temperature from 
Allowable Stress Tables of the Code. psi 

b) Additive Stresses 
The requirements of either equation IV-I08 or 

equation IV-lID must be met depending on the load. If only thermal 
expansion stresses are acting. then the pipe stress is given by: 

iM c 
SE = Z ~ SA 

The terms in this equation are the same as above except: 
Mc = range of resultant moments due to thermal expansion. 
SA = allowable stress range for expansion stresses: 
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where: 
\ = basic material allowable stress at minimum (cold) temperature 

from the Allowable Stress Tables 
Sh = basic material allowable stress at maximum (hot) temperature 

from the Allowable Stress Tables 
f = stress range reduction factor for cycl ic conditions for total 

number N of full temperature cycles over total number of years 
during which system is expected to be in operation, from table 

IV-9 

TABLE IV-9. STRESS RANGE REDUCTION FACTORS 

NUMBER OF EQUIVALENT 
FULL TEMPERATURE CYCLES 

N f 
7,000 AND LESS 1.0 
7,000 - 14,000 0.9 

14,000 - 22.000 0.8 
22,000 - 45,000 0.7 
45,000 - 100,000 0.6 

100,000 AND OVER 0.5 

If sustainEd loads are acting in addition to thermal 
stresses then the effects of pressure, weight, other sustained loads, and 
thermal expansion must meet the requirements of equation IV-lID • 

(Eq. IV-llO) 

2) Flexibility Design 
a) General 

In addition to the design requirements for pres
sure, weight, and other loadings, PV-T systems subject to thermal 
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expansion or contraction, or to similar movements imposed by other 

sources shou 1 d be des i gned in accordance with the requ i rements for the 

evaluation and analysis of flexibility and stresses specified in this 

section. 

Stresses caused by thermal expans i on, when of 

sufficient initial magnitude, relax in the hot condition as a result of 

local yielding or creep. A stress reduction takes place and usually 

• 

appears as a stress of reversed sign when the component returns to the • 

cold condition. This phenomenon is designated as self-springing of the 

line and is similar in effect to cold springing. The extent of self-

springing depends on the material, the magnitude of the initial expansion 

and fabrication stress, the hot service temperature and the elapsed time. 

While the expansion stress in the hot condition tends to diminish with 

time, the sum of the expansion strains for the hot and cold conditions 

during anyone cycle remains substantially constant. This sum is 

referred to as the strain range; however, to permit conveni ent associ a-

tion with allowable stress, stress range is selected as the criterion for • 

the thermal design of piping. The allowable stress range should be 

determined in accordance with equation IV-lOg. 

PV-T systems should be designed to have suffi

c i ent fl ex i b il ity to prevent pipe movement s from cau sing fail ure from 

overstress of the pipe material or anchors, leakage at joints, or detri

mental distortion of connected equipment resulting from excessive thrusts 

and moments. Flexibil ity should be provided by changes of direction in 

the piping through the use of bends, loops, or offsets; or provisions 

should be made to absorb thermal movements by utilizing expansion, • 

swivel, or ball joints, corrugated pipe, or flexible metal hose assem-

blies. 

Expansion, swivel, or ball joints, and flexible 

hose assembl ies may be used where experience or tests have demonstrated 

that they are suitable for expected conditions of pressure, temperature, 

service, and cyclic life. Restraints and supports should be provided, as 

required, to limit movements to those directions and magnitudes permitted 
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for the specific joint or hose assembly selected. Joints of the corru
gated bellows, slip, sleeve, ball, or swivel types and flexible metal 
hose assemblies may be used if their materials conform to the code, their 
structural and working parts are of ample proportions, and their design 
prevents the comp 1 ete disengagement of work i ng part s wh il e in serv ice. 
However, flexible metal hose assembl ies, and expansion joints of the 
corrugated bellows, slip, or sleeve type should not be used in any piping 
system connecting the boiler and the first stop valve in that system. 

b) Analysis 
All piping should meet the following require

ments with respect to thermal expansion and flexibil ity and it is the 
designer's responsibility to perform an analysis unless the system meets 
one of the following criteria: 

(1) The piping system duplicates a successfully operating installa
tion or replaces a system with a satisfactory service record. 

(2) The pi pi ng system can be adjudged adequate by compari son wi th 
previously analyzed systems. 

(3) The piping system is of uniform size, has not more than two 
anchors and no i ntermedi ate restraints, is des i gned for essen

tially non-cyclic service (less than 7000 total cycles), and 
satisfies the following approximate criterion: 

DY 
--=-=----=2 < O. 0 3 
(L - U) 

(Eq. IV-HI) 

where: 
o nominal pipe size, in 

Y resultant of movements to be absorbed by pipe lines, in 

L = developed length of line axis, ft 

U = anchor distance (length of straight line joining anchors). ft 

Systems that do not meet the above criteri a, or 
cause reasonable doubt as to adequate flexibility, should be analyzed by 
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simplified,approximate, or comprehensive methods··of analysis that are 
appropriate for the specific case. Approximate or simplified methods may 
be applied only if they are used for the range of configurations for 
which their adequate accuracy has been demonstrated. Acceptable compre-
hensive methods of analysis include analytical techniques, and model 
tests and chart methods which provide an evaluation of the forces, 
moments and stresses caused by bending and torsion from the simultaneous 

• 

consideration of terminal and intermediate restraints to thermal • 
expansion of the entire piping system under consideration, and including 
all external moments transmitted to the piping by its terminal and 
intermediate attachments. Correction factors must be appl ied for the 
stress intensification of curved pipe and branch connections, as provided 
by the detail s of the code, and may be app 1 ied for the increased fl exi
bilityof such component parts. 

The flexibility equation IV-111 is valid for 
ferrous pipe and for 7000 total cycles. Since PV-T systems maY have a 
life of 15 to 20 years and may thermally cycle more than once a day due 
to cloud cover, the piping system should be designed to survive on the 
order of 10,000 cycles. To provide for this, the flexibility equation 
should be modified using the f factor of table IV-9 as follows: 

DY 
----~-=2 ~ 0.03 f 
(L - U) 

where f = 0.9 for 7,000 < N < 14,000 cycles or: 

____ .:::D-=.Y___=_ < o. 0 2 7 
(L - U)2 

(Eq. IV-112) 

(Eq. IV-113) 

An example using equation IV-U3 and the pipe layout of figure IV-50 is 
given as follows: 

Pipe = 3-in (7.62 cm), schedule 40, Carbon Steel 
Design Temperature = 3000 F (148.90 C) 
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Figure IV-50. Pipe Layout for Flexibility Analysis 

Step 1: Establish the distance between anchors in plan and eleva

tion, in feet. 

Y = Vertical elevation difference = 6-ft - 4-ft = 2-ft 

(0.61 m) 

(Difference in elevation between Al and A2). 

X = Total line length away from A2 = 8-ft + 4-ft = 12-ft 

(3.66 m) 

Z = Total line length away from Al = 10-ft + 6-ft = l6-ft 

(4.88 m) 

Step 2: Determine length U, the straight length in feet between 

points Al and A2• 

U =~x2 + y2 + z2 (Eq. IV-1l4) 
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= J12 2 + 22 + 16 2 

= J 404 

= 20.1-ft (6.13 m) 

Step 3: Determine Y in equation (IV-113) 
Y = resu ltant of movements in inches to be absorbed by 
pipe lines = U8 
where 8 = linear thermal expansion coefficient at the 
design temperature (in/100-ft) as given in table IV-10. 

TA8LE IV-10. ANSI/ASME 831.1-1980 EDITION APPENDIX 8 
THERMAL EXPANSION OATA 

Mean Coefficient of Thermal Expansion = ~ (in./in./oF) 
10 in Going From lOoF to Indicated Temperature 

Linear Thermal Expansion = B (in./100 ft) 

Coef-
Temp. Range 70°F to 

Material ficient -325 -150 

Carbon Steel; Carbon-Moly Steel A 5.00 5.50 
Low-Chrome Steels (through 3Cr) B 2.37 1.45 

then Y = 20.1-ft 1.82-in 
100-ft 

-50 

5.80 

0.84 

70 200 300 400 500 

6.07 6.38 6.60 6.82 7.02 

0 0.99 1.82 2.70 3.62 

0.37-in (0.94 cm) 

Step 4: Determine value of L, the total length of line. 

L = 6 + 10 + 2 + 8 + 6 + 2 + 4 = 38-ft (11.6 m) 

600 

7.23 
4.60 

700 

7.44 

5.63 

800 

7.65 

6.70 

Step 5: Solve the formula which must be equal to or less than 
0.027 or full stress analysis is required. 

DY < 0.027 
(L - U)2 

3{0.37) = 0.003 
{38 - 20.1)2 
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then 0.003 ~ 0.027 and, therefore, no formal stress analy
sis is required. 

When a nonferrous (e.g., copper) material is 
used as the piping system, the ANSI-B31 Mechanical Design Committee 
Report Draft of 1976 recommends the use of the fo 11 owi ng equat i on with 
the listed restrictions to determine whether a formal stress analysis is 

required • 

DY 
< 

(L - U)2 

(Eq. IV-1l5) 

where: 
D = nominal pipe size, (in) 
Y = resultant of movements to be absorbed by pipe line, (in) 
U = anchor distance (length of straight line joining anchors), (ft) 
L developed length of line axis, (ft) 
SA = allowable stress range, (psi) (include stress range reduction 

factor IIfll where more than 7000 cycles of movement are antici
pated during life of installation) 

Ec modulus of elasticity of the piping material in the cold condi
tion, (psi) 

The formula given reflects the maximum stress 
computed in L-, Z-, U-, and expansion U-bends of a length-to-anchor
distance ratio LjU up to a maximum of three, using a square-corner 
analysis, i.e., an approximate analysis in which both the increased 
flexibility and stress intensification associated with elbows or bends 
are ignored; however, in the derivation of the criterion, a ~tress inten
sification factor of 1.3 has been taken as applicable to the controlling 
location, wherever it occurs. Of the shapes investigated, the U-bend was 
found to have the highest stress by this method and, because the anchored 
ends controlled, the applied factor of 1.3 is more than adequate; for the 
balanced expansion U-bend, for which the four elbows control and a higher 
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stress intensification might be required depending on size, thickness and 
bend radius, the computed stress was only a fraction of that for the 
U-bend on which the criterion formula is based. This tendency for the 
product of basic stress and stress intensification factor to balance out 
explains why the adequacy of the criterion (in the form of equation 
(IV-Ill) using a constant value of 0.03 on the right side) has been found 
confirmed by many checks against rigorous calculations on actual systems 

• 

using ferrous materials. The sl ightly more complex and conservative form • 
of equation (IV-ll5) serves to extend it to nonferrous materials and to 
cycl i c app 1 i cat ions. Since no genera 1 proof can be offered to ensure 
that the formu 1 a wi 11 never err on the unconservat i ve side, users are 
advised to use caution in applying it to abnormal configurations 
(unequal-leg U-bends with L/U in excess of 2.5, or near-straight sawtooth 
configurations), to large-diameter thin-wall pipe (stress intensification 
factors of the order of five or more), or to conditions where extraneous 
motions, other than in the direction connecting the anchor points, 
const itute a 1 arge proport i on of the expans i on duty. The criteri on is 
applicable to multi-plane systems and can be extended to multi-branch 
systems by introducing a fictitious anchor at the branch point and sub-
jecting all branches to the criterion. 

d. Pipe Layout 
1) Genera 1 

The PV-T designer should carefully investigate struc
tural conditions, equipment locations and orientation, equipment connec-
tions, horizontal and vertical controls and any other conditions 
affecting the piping work and should plan his work accordingly. 

All piping should be designed as follows: 
o The heat transfer fluid system should be welded, other systems 

should have removable flanged spools provided at pumps and 
other equipment that wi 11 have to be removed for maintenance 
and inspection. 

o To avoid pocketing, piping should be arranged so that 1 ines 
drain back into equipment or into lines that can be drained. 
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o Vents should be provided at all high points and drains should 
be provided at all low points in each piping system. Vents on 
heat transfer fluid piping should be provided with discharge 
piping, routed so that fluid will be directed away from the 
piping insulation. 

° Piping should be routed to obtain adequate clearance for main-

o 

o 

taining and removing equipment • 
Equipment, valves, etc .• should be positioned with adequate 
clearance for operation and maintenance. 
Valves should be provided at the inlet and outlet of each ~T 
string to isolate a system 
testing and maintenance. 

2) Specific 
a) Identifying 

A typical 

for either hydrostatic or pneumatic 

Significant Thermal Expansions 
PV-T system pipe layout will be 

similar to figure IV-51. A manifold of length "Lm" feeds the collector 
field with HTF which returns to the manifold to be pumped to the heat 
exchanger. Typical distances between collector rows IILR" are 15 to 30-ft 
(4.57 to 9.15 m). Manifold lengths may vary from 200 to 1000-ft (61 to 
305 m) depending on the field size and configuration. Typical drive unit 
connector lengths "LDU" are from 5 to 15-ft (1.52 to 4.57 m). Since the 
lengths and diameters for LR or LDU are small and usually have elbows on 
each end, there is usua lly 1 itt 1 e concern about the amount of expans i on 
and the 1 eve 1 of stress in these connectors. The thermal expans i on of 
the manifold can, however, present problems for the PV-T system designer • 

Take. for example. the PV-T system shown with 
the collector outlet manifold in figure IV-52. The PV-T system must have 
anchors as indicated at points F and B to protect the collectors and heat 
exchanger from undue stresses resu It i ng from therma 1 expans i on. A gu i de 
is located at point E to allow longitudinal expansion and prevent thermal 
stresses. To find the amount of thermal expansion in the manifold due to 
a temperature rise to 2000 F (93.3°C) (130°F (72.20 C) above a typical 
ambient temperature of 700 F (21.10 C». table IV-10 is used as follows: 
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Figure IV-52. Typical PV-T System Layout and Outlet Manifold • 
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Carbon steel pipe 
6-in (15.24 cm) 0.0. 
Operation temperature 2000 F (93.30 C) 

from C to E: = 500-ft 0.99-in = 4.95-in (12.57 cm) 
100-ft 

from B to C: = 20-ft 0.99-in 
100-ft 

0.20-in (0.508 cm) 

The thermal expansion of LHX is minimal but the expansion for Lm is quite 
significant (5-in) and must be accounted for. 

b) Remedying Significant Thermal Expansions 
The recommended method for compensating the 

movement in the manifold is to use flexible hose between the manifold and 
the collectors. There are three fundamental points to remember in 
designing corrugated flexible hose assemblies: 

o Hose should not be bent below the minimum recommended bend 
radius. 

o Install hose without twists that would develop torsional strain 
that is harmful to hose. 

o Install so that flexing takes place in one plane. 
One method of accomplishing this is to install the flex hose at each row 
as shown in the typical section of G-G in figure IV-52, which is shown in 
greater detail in figure IV-53. 
If the piping system of figure IV-52 is anchored only at the points Band 
F. then the greatest amount of movement (5 in or 12.6 cm) will occur at 
point E. Flex hose manufacturers have developed relationships that 
describe the length of flex hose that is required to compensate for this 
movement. In this example of short horizontal travel, the relationships 
are as fo 11 ows: 

Overall Length = OAL = B + 1.57 (A + T) 

c = 1. 57 T + B + A 
2 
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BDM/ A-82-458-TR-R 1 

Figure IV-53. Detail of Flex Hose Connection-
Section G-G of Figure IV-41 

where: 
A = Bend Diameter ("Minimum Centerline Radius for Constant 

Flexure" x 2). 
B = Factor including the length of fittings and an allowance for 

straight sections of flexible tubing beyond each fitting. 

1.0. of Hose 1/4" 3/8" 1/2" 3/4" 1" 1-1/4" 1-1/2" 2" 

B 9 11 12 14 16 18 20 22 

T = Travel 
C = Relaxed height as shown in figure IV-53. 

For the case under consideration and for typical values of flex hose: 

then: 

T = 5-in 
I-in diameter flex hose with minimum centerl ine bend radius for 

constant flexure of 8.5-in (from manufacturer's catalog) 
A 8.5 x 2 = 17-in 
B = 16 for I-in diameter 
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OAL = B + 1.57(A + T) = 16 + 1.57(17 + 5) = 51-in (1.3m) 

c = 1.57+B+A 
2 + 1.57(5) + 16 + 17 

2 
= 20-in (0.508 m) 

The fl ex hoses "i so 1 ate" the thermal movements of the manifold from the 

co 11 ectors and therefore accomp 1 i sh the task of reduci ng the stress on 

the piping between points Band F. 
This method of anchoring has definite advantages 

over other methods, for example, consider anchoring at points B, F, and 0 

in figure IV-52. While this second method may cut the thermal movement 

of point E in half, it only changes the OAL of the flex hose to 47-in 

(1.19 m), and it also requires a formal stress analysis for the pipe 

segment D-C-B since: 

o = 6.0 ,----=-------=-
U = J (250)2 + (20)2 = 250.8 

L = 250 + 20 = 270 
0.99 in 

Y = UB = 250.8 100 ft = 2.48 

so that: 

DY 6.0(2.48) 
= 

(L - U)2 

I. INSULATION 

(270 - 250.8)2 
= .040 > .027 

Proper specification of insulation includes determining insulation 

type, insulation thickness, insulation weather-barrier, and pipe hangers. 

Changing pipe size changes the optimum thickness of the insulation; thus, 

the optimum thickness must be determined for each pipe size. As the 

insulation thickness increases, cost of the insulation increases (see 
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figure IV-54) whereas the amount of the heat loss decreases. At some 

insulation thicknesses the incremental cost of the insulation equals the 

incremental decrease in the value of heat loss, resulting in a minimum 

system cost. 

COST OF HEAT LOST 
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Figure IV-54. Insulation Costs and Heat Lost as a Function of Thickness 

This concept of economic thickness has been extensively discussed in 

the power and process industries and has been analyzed in technical 

literature over many years. There are now lengthy books and manuals 

available that show the plant or design engineer how to calculate this 

economic thickness using tables, graphs, or computers. 
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Around 1973, programs called ECON-1 (tables, charts, worked 

examples), ECON-II (marketing manual), and R-ECON (retrofitting) became 

available. However, some users felt these programs had averaged too many 

variables to nominal values and, in addition, the minimum insulation 

depreciation (amortization) period was too long. This last objection 

showed that plant owners were not prepared to regard insulation as a long 

term investment--an attitude common today . 

Insulation, if properly maintained, can have a very long 1 ifetime 

(30 years or more), longer than the pred i cted 1 ife of a so 1 ar system. 

However, these programs were developed for the power and process 

industries in which the pipework may be part of a plant which rapidly 

becomes obsolete. Since, in many cases, insulation is scrapped rather 

than recovered, it makes no sense to amortize it over a longer period of 

time. 

Accordingly, around 1976, a refinement of these tables was produced 

by York Research Corporat i on for the Federal Energy Admi ni strat i on and 

called ETI (Economic Thickness for Industrial Insulation). It consisted 

of 10 sections covering fuel costs, insulation costs, condensation 

control, and retrofitting. All the information was given in tabular, 

graphical, or nomograph form and also in a mathematical appendix. 

However, this apparently was not suitable for all needs, and from 

1976 to 1980 numerous suggestions were made to make the ETI program more 

useful. A recent revision has been made incorporating these suggestions, 

as a joint venture between the Thermal Insulation Manufacturers Asso-

ciation (TIMA) , National Insulation Contractors Association (NICA) and 

Louisiana Technical University; the resulting manuals being called ETIH 

(Economic Thickness of Insulation for Hot Surfaces) and ETIC (Cold 

Surfaces). 

A full analysis of insulation economics requires that at least 20 

input-data variables be assigned. These can be grouped under four 

headings for the case of pipe insulation. 

(1) Insulation factors 

(a) Cost of installed insulation, of thickness t, per unit 

• length CI(t) 
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(2) 

(3) 

(4) 

(b) 
(c) 
(d) 
(e) 
(f) 

(g) 
(h) 
(i) 
(j) 
Fuel 

(a) 
(b) 

Thermal conductivity of insulation, kr 
Thermal resistance of insulation surface, RS 
Pipe diameter (nominal), dl 
Ambient temperature, Ta 
Ambient wind speed 
Pipe temperature, Tp 
Amortization period of insulation, n 
Pipe-complexity factor 
Maintenance and insurance costs 
factors 
Type of fuel and cost, CF 
Expected annual price rise of fuel expressed as a decimal, 
f 

Heat-producing-plant factors 

(a) Efficiency of conversion of fuel to heat. E 

(b) Number of hours of operation per year. N 

(c) Capital investment in heat-producing plant 

(d) Amortization period of heat-producing plant 
Economic factors 
(a) Cost of money. i.e •• return on investment in insulation 

requ ired. i 
(b) Tax rate 
(c) Cost of money to finance heat-producing plant 
(d) Economic model used for determining the economic thickness 

of insulation 

• 

• 

• 

Recent articles and reports (refs. rV-15 and IV-16) provide • 
techniques for optimizing insulation thicknesses for solar system piping 
and storage tanks. The overall heat transfer coefficient-area product 
per unit length of pipe (UA/L) has been calculated for various combi-
nations of pipe diameter, insulation thickness, and insulation conduc-
tivity. The UA/L value is used to calculate the energy lost from the 
pipe. A sensitivity analysis showed that deviations in UA/L for outdoor 
pipe was only +3 percent to -8 percent. whereas deviations for indoor 
pipe ranged from +13 percent to -21 percent. The outdoor values of UA/L • 
are sensitive only to wind speed while indoor pipe UA/L values are 

IV-142 



• 

• 

• 

• 

• 

THE BDM CORPORATION 

sensitive to insulation (or jacketing material) 
followed by fluid temperature and then ambient 
velocity had no effect. 

surface emissivity, 
temperature; fluid 

Thus, it appears that the inevitable uncertainties associated with 
therma 1 data can be contro 11 ed to a reasonable extent. However, it is 
more difficult to control the uncertainties associated with the economic 
data inputs to the analysis of an economic thickness of insulation. 

In the fo 11 owi ng sect ions two types of ana lyses are presented for 
calculating the thickness of insulation. First, a very simplified 
economic analysis is presented. For a more detailed economic analysis, 
refer to references 111-15 or III-16, or to the ETIH manual. The second 
technique completely ignores economic factors under the assumption that 
they cannot be known accurately and therefore one cannot make a decision 
on the appropriate economic thickness. Instead, economic thickness is 
determined by heat-loss considerations alone; the results being an 
"acceptable heat-loss" thickness of insulation. 

1. Economic Thickness 
For a pipe the heat lost per unit foot of length is given by: 

QQ, 
21Tt.T 

where: 
QQ, has the units of watts/m 
t.T is temperature difference between the pipe and ambient 

air (oC) 

rs is the outside radius of the insulation (cm) 
r is the inside radius of the insulation (cm) 
k is the insulation thermal conductivity (W/moC) 
Rs is the film resistance to heat transfer (m2oC/W) 

(Eq. IV-118) 

Table IV-II shows that in general, R contributes only about 10 pers 
cent to the total insulation resistance. The surface resistance is a 
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TABLE IV-II. SURFACE RESISTANCE AS A FUNCTION OF EMITTANCE ~ 
INSULATION RESISTANCE, AND WIND VELOCITY (Ref. IV-17) 

e: = 0.8 e: = 0.3 
EMITTANCE EMMITANCE 

WIND 
(ELOCITY 
m/sec) 

0 
(NATURAL 
CONVECTION) 

1. 79 

INSULATION 
RESISTANCE 

(m2oC/W) 
MIN. 

0.176 
0.882 
1.76 
2.65 

0.176 
0.882 
1. 76 
2.65 

MAX. 

0.882 
1.76 
2.65 
3.53 

0.882 
1. 76 
2.65 
3.53 

* FOR PIPE FLUID TEMPERATURE 93.30C 

WEATHER-BARRIER OR 
SURFACE FINISH 

ALUMINUM 

ALUMINUM PAINT 

PAINTS - WHITE 
- BLACK 

PVA MASTICS 
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Rs* 
(m2Oc/w) 

0.125 
0.138 
0.145 
0.153 

0.079 
0.092 
0.10 
0.107 

(200°F) 

R * 
.(m2oC/w) 

0.178 
0.206 
0.22 
0.231 

0.099 
0.115 
0.127 
0.136 

e: @ 37.8oC (1000F) 

0.03 to 0.12 

0.20 to 0.70 

0.55 to 0.70 
0.90 to 0.95 

CLOSE TO PAINT COLOR 
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funct i on of surface temperature and hence cannot be determi ned i nde

pendent of the insulation thickness. In determining the optimum insula

tion thickness, it is appropriate to ignore Rs and consider it an added 

benefit. Ignoring Rs causes an error in the optimum thickness calculated 

that is less than 1.27 cm (1/2 in) or is less than the step size for 

insulation. In the example to follow including Rs would change the 

optimum insulation thickness from 7.62 cm (3-in) to 7.37 cm (2.9 in). 

When choosing the actual discrete insulation size to use, the general 

rule of thumb is to round down to the nearest 1.27 cm (1/2 in) size. 

Figure IV-54 shows that rounding up raises total system cost in a manner 

that results in the last increment insulation cost producing a negative 

incrementa 1 return on investment. Round i ng down and i gnori ng Rs are 

effects that tend to cancel. 

The surface resistance is important in determining the surface 

temperature of the insulation. This temperature should be kept low 

enough to prevent a hazard. The surface temperature can be cal cu 1 ated 

according to: 

R fiT s 
TS = TA + rs in(rs/r) 

k 
+ R s 

(Eq. IV-119) 

where T Sis the surface temperature (0C) and T A is the ambi ent tempera

ture (oC). For personnel safety, this surface temperature should not 

exceed 450 C (1130 F) for a metal jacket, to prevent skin burns. 

Heat is lost from the pipe both during operation, and at night, when 

the PV-T system is not bei ng operated. As part of an examp 1 e it wi 11 be 

shown later that insulation is not effective in preventing evening heat 

losses. If the decrease of evening heat loss with insulation thickness 

were plotted on figure IV-54, it would be a fairly horizontal line that 

does not effect the position of the minimum when compared to the daytime 

loss. Ignoring the benefit of insulating against such losses when 
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calculating the optimum thickness greatly simplifies the equations and is 
1 i ke i gnori ng Rs. The actual benefit that wi 11 be deri ved from the 
optimum thickness will thus be slightly more than calculated due to 
reduced nighttime losses. 

The value of the heat lost (CHL ) can be expressed as: 

where: 
CH is the cost of heat ($/kw hr) 
F is the fraction of the time the system is being used 
P is the present value factor, and 
A is CH(P)F(8760hr) ~ T 

(Eq. IV-120) 

• 

• 

Assuming that the cost of insulation is a function of volume, it can • 
be expressed as: 

(Eq. IV-121) 

where: 
M is a maintenance factor 

CI/ V is the cost of insulation per volume ($/cm2m) 
CI_F is the fixed insulation cost; installation, etc. (cost for zero 

thickness of figure IV-54). 

The optimum thermal resistance per meter is the solution to: 

(Eq. IV-122) 
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which can be determined using figure IV-55 by reading the value of (rs/r) 
that corresponds to A/Br2 where: 

(Eq. IV-123) 

As an example, consider 10.16 cm (4-in) diameter pipe insulated with 
fiberglass (k = 0.0415 W/moC or 0.024 Btu/hr.-oF-ft) operating at a 
temperature 66.70 C (120°F) above ambient. Figure IV-56 shows that if the 
pi pe is bare it wi 11 lose 946 W/m2 (300 Btu/hr ft2). For our 10.16 cm 
(4-in) 0.0. diameter pipe this will result in a heat loss of 302 W/m 
(314 BTU/hr ft). Us i ng the rep 1 acement pri ce of heat based on oil 
($0.03/kW or $8.61/mBtu) and a usage factor F of 8 hours per day, 5 days 
per week, 50 weeks per year (F = 8 x 5 x 50/8760 = .228) this results in 
a yearly loss of: 

$0.03/kW hr x 0.302 kW/m x 0.228 x 8760 hr/yr = $18.10/m-yr 

Obviously, considerable savings can result from insulation. 
For our example, we shall assume the insulation is to pay for itself 

in 10 years and that future do 11 ars are to be discounted at 10 percent. 
In this case our present value factor becomes: 

p = (l+i)n - 1 

i(l+i)n 
= 6.14 (Eq. IV-124) 

In the actual determination of optimum insulation thickness for a system, 
this present value factor can be changed to whatever factor is appro
priate for the system being designed (the same is of course true for CH' 
F, ~T, M, CI/ V' CI_F' as well as P). With this factor: 

A = CH(P)F(8760 hr.) ~T 
$0.03/kW hr x 6.14 x .228 x 8760 hr. x 66.70 C 

= $24.540 C/watt 
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For the maintenance factor, we shall assume the standard 10 percent 
per year, and use the same 10 year period and 10 percent discount factor 
with the result that: 

M = 1 + .1(6.14) 
= 1.61 

Using the cost per volume for fiberglass in table IV-12 we get: 

B = (M CI/V)/k 
= 1.61 x (0.077/cm2-m)/(0.042 W/moC) 
= $2.950C/W-cm2 

TABLE IV-12. INSULATION PRICE PER VOLUME 

MATERIAL 

FOAM GLASS 
FIBERGLASS 
URETHANE 
CALCIUM SILICATE 
MINERALPOWDER 

CONDUCTIVITY 
WATT 
iiiOc"" 

0.066 
0.042 
0.022 
0.057 
0.109 

The factor needed for figure IV-55 is thus: 

A/B/ 
= 24.54oc/watt/[2.950c/wcm2 (5.08 cm)2] 
= 0.322 

PRICE PER VOLUME 
$/cm2_m 

0.065 
0.077 
0.099 
0.089 
0.033 

From figure IV-55 we see that the corresponding optimum insulation is 
when rs/r = 1.44. The outer radius of the insulation should thus be: 

rs = 5.08 cm x 1.44 
= 7.32 em (2.88-in) 
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The insulation should thus be 2.54 cm (1-in) thick. Adding this insula
tion will reduce the heat lost to: 

= ($24.540C/w) x 2n x (0.042 W/moC)/ln(3/2) 

$15.97/m 

Which compares to the present value of the potential bare pipe heat loss 
of: 

6.14 yr. x $1B.I0/m-yr = $111.13/m 

resulting in a savings of $95.16/m over the 10 year period. 
So far. we have seen how figure IV-55 can be used to determine the 

optimum thickness insulation for a given insulation type and pipe diame
ter. We must sti 11 determine which insulation results in the lowest 
system cost on figure IV-54, and verify that this insulation really does 
result in an acceptable return on investment. Optimum thickness is 
achieved when the incremental increase in insulation cost equals the 
incremental savings in heat lost. If, for some reason, CF_I (the fixed 
insulation cost) was very high the economics of insulating may not be 
favorable. The fixed charge should not be ignored and may be the 
deciding factor in choosing which insulation is best . 

To determine which insulation is best, one should use figure IV-55 
to determine optimum thickness for the candidate insulations. Bids 
should then be sought to determine actual costs. In this analysis, the 
assumption has been made that insulation costs are proportional to 
vo 1 ume--a reasonable assumpt i on--but some authors assume it is propor
tional to radius, others that it is proportional to the flattened out 
area (outer circumference times thickness). Due to variations in manu
facturing processes, insulation conductivities are not necessarily 
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constant, and insulation costs do not necessarily obey a strict propor

tionality. Bids that establish actual costs and give insulation con

ductivities at average operating temperature are therefore important. 

Consideration should be given to obtaining bids for varying thicknesses 

to verify that the optimum thickness was determined correctly. 

If our 10.16 cm (4-in) 0.0 pipe is schedule 40 steel nominal size 

8.89 cm (3-l/2-in) then the inside diameter is 9.012 cm (3.548-in) (see 

• 

table IV-l3). At a standard flow rate of 1.52 m/sec (5-ft/sec) and • 

16.7oC (30°F) temperature ri se in the PV-T array the usefu 1 heat trans-

ported wi 11 be: 

Q/sec 

x 

4.166KJ/KgOC x 16.7oC x 1.52 m/sec x ~ x (9.012xl0- 2m}2 

993 Kg/m3 = 670 kW 

With the insulation the heat lost from the surface of the pipe per foot 

wi 11 be: 

= 2n x 66.7oC x 0.042 w/moc 
Q~ In(3/2) 

= 43.4 w/m 

For 304.9 m (I,OOO-ft) of piping this would result in a loss of about 2 

percent of the energy delivered. 

The heat left in the pipe wi 11 be (assuming the fluid is water--see 

data table IV-13): 

QN = (4.166 ~~ DC) x (66.7oc) x i x (0.09012 m}2 x (993 kg/m3 ) 

+ (0.446 kJ/kgOC) x (66.7oC) x (145.9 kg/m3) x (1.?3 x 10-3m2) 

1768 kW sec/m day = 0.5 kw hr/m day 
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• TABLE IV-13. DIMENSIONS AND PROPERTIES OF STEEL PIPE 

Diameter Surface Area Weight 
Nominal ASTM Sg Ft/Lin Ft Volume (plain end) 
Size Schedule 00 10 Gal/L in Ft Lb/Lin Ft 

In. In. 00 

1/2 40 (s) 0.840 0.622 0.220 0.0158 0.850 • 80 (x) 0.840 0.546 0.220 0.0122 1.09 
XX 0.840 0.252 0.220 0.00259 1.71 

3/4 40 (s) 1.050 0.824 0.275 0.0277 1.13 
80 (x) 1.050 0.724 0.275 0.0225 1.47 

XX 1.050 0.434 0.275 0.00768 2.44 

1 40 (s) 1.315 1.049 0.344 0.0449 1.68 
80 (x) 1.315 0.957 0.344 0.0374 2.17 

XX 1. 315 0.599 0.344 0.0146 3.66 

1-1/4 40 (s) 1.660 1.380 0.435 0.0777 2.27 
80 (x) 1.660 1.278 0.435 0.0666 3.00 

XX 1.660 0.896 0.435 0.0348 5.21 • 1-1/2 40 (s) 1.900 1.610 0.497 0.1058 2.72 
80 (x) 1.900 1.500 0.497 0.0918 3.65 

XX 1.900 1.100 0.497 0.0494 6.41 

2 40 (s) 2.375 2.067 0.622 0.174 3.65 
80 (x) 2.375 1.939 0.622 0.153 5.02 

XX 2.375 1.503 0.622 0.0922 9.03 

2-1/2 40 (s) 2.875 2.469 0.753 0.249 5.79 
80 (x) 2.875 2.323 0.753 0.220 7.66 

XX 2.875 1.771 0.753 0.128 13.7 

• 3 40 (s) 3.500 3.068 0.916 0.384 7.57 
80 (x) 3.500 2.900 0.916 0.343 10.3 

XX 3.500 2.300 0.916 0.216 18.5 

3-1/2 40 (s) 4.000 3.548 1.05 0.514 9.11 
80 (x) 4.000 3.364 1.05 0.462 12.5 

XX 4.000 2.728 1.05 0.304 22.9 

4 40 (s) 4.500 4.026 1.18 0.661 10.8 
80 (x) 4.500 3.826 1.18 0.597 14.9 

XX 4.500 3.152 1.18 0.405 27.5 

• 
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TABLE IV-13. DIMENSIONS AND PROPERTIES OF STEEL PIPE (Concluded) • 
Diameter Surface Area Weight 

Nominal ASTM Sg FtLLin Ft Volume (plain end) 
Size Schedule 00 10 Gal/Lin Ft Lb/Lin Ft 

In. In. 00 

5 40 (s) 5.563 5.047 1.46 1.04 14.6 
80 (x) 5.563 4.813 1.46 0.945 20.8 • XX 5.563 4.063 1.46 0.673 38.6 

6 40 (s) 6.625 6.065 1. 73 1.50 18.0 
80 (x) 6.625 5.761 1.73 1.35 28.6 

XX 6.625 4.897 1.73 0.978 53.1 

• 

• 

• 
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which does have a significant annual value of: 

0.5 kW hr/m-day x $0.03/kw hr x (50 wks/yr x 5 days/wk) 

= $3.75/m-yr 

The heat lost overnight is given by equation IV-125 

Q = [l-eXp{-~t/T)J Me (T, - T ) Lost pIa 

where M = Mass of the fluid, pipe and insulation 
Cp = Component specific heat 

Ti = Initial temperature 
T = Time constant of the pipe given by MCp/UA 

(Eq. IV-125) 

substituting the values for water, B.B3 cm (3-1/2 in) schedule 40 steel 
pipe, and fiberglass insulation one obtains a heat loss of 0.32 kW hr/m 
over a 12 hour period. If the insulation thickness is doubled to 5.0B cm 

(2 in), the heat loss is reduced to 0.226 kW hr/m. The present value of 
the savings in heat loss is: 

(0.322 kW hr/m - 0.226 kW hr/m) ($0.03/kW hr) (50 wks x 5 days/wk) x 
(6.14) = $4.33/m 

However, the resulting increase in insulation costs would be: 

1.61 x ($0.077/cm2-m) TI (10.162 - 7.622) cm2 

= $17.60/m 

Detailed analysis of the overnight heat loss is required to determine the 

value of the heat lost vs. cost of added insulation. However, it seems 
that annua 1 costs cannot be reduced through add i ng i nsu 1 at i on to reduce 
overnight heat loss. 

The overnight heat loss can be minimized by reducing the size of the 

pipe. Pipe using a standard 1. 52 m/sec (5-ft/sec) velocity del ivers 
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0.01 m3/sec (154 gallons per minute). This same flowrate can be deli

vered with a 7.62 cm (3-in) schedule 40 pipe (0.0. 8.89 cm or 3-1/2-in, 

ID 7.79 cm or 3.068-in) using a velocity of 2.04 m/sec (6.68-ft/sec). 

This would increase the pumping cost but would decrease the pipe capital 

cost, the overnight heat loss, the insulation cost, and the heat lost 

during operational hours. 

The pump power required is: 

HP 

where: 

(F) x (P) 
0.70 

F is the flowrate in m3/sec 

P is the pressure in Pa, and 

0.7 is the efficiency of the pump. 

(Eq. IV-126) 

Fi gure I II-57 shows the pressure drop for I-foot of 3 1/2- i n schedu 1 e 40 

pipe is 77.9 Pa (0.0113 psi). Thus: 

Power = 0.01 x 77.9 x 3.28 ft/m 
0.70 3.65 W/m 

At 8¢/Kwh and a motor efficiency of 0.8, the yearly cost per foot to pump 

the fluid is: 

3.65 W/m x .228 x 8760 hr./yr. x (.8)-1 x $0.08/Kwhr. 

= $O.73/yr-m 

This is less than overnight heat loss ($2.40/m-yr), or the daytime heat 

loss ($15.97/m + 6.14 = $2.60/m-yr), and suggests that the pipe size 

should be decreased. 

Reduci ng the pi pe size reduces the pi pe cap i ta 1 cost, and increases 

the pumping energy cost (it may also increase the flow control and 

balancing problems). The trade-off considering only capital cost and 
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pumping cost is; pipe capital costs for installed schedule 40 pipe can be 

calculated from: 

C = 2.45 in Sift for 5 in inches 
p 

C
p 

= 3.15 in $/m for 5 in centimeters 
(Eq. IV-l27) 

where S is the pipe size. Changing the pipe size from 8.89 cm to 7.62 cm 

(3-1/2 to 3-in) would result in a $3.94 reduction in pipe capital costs 

per meter. Pump capital cost installed can be calculated from: 

CpH = 790 Hp1 / 2 + 51 HP for pump power in horsepower 

= 914.7 Kw1/ 2 + 68.4 kW for pump power in kilowatts 

(Eq. IV-128) 

C1 early, the power for one meter cannot be used to determi ne cap ita 1 

costs. In fact the power for 305 m (lOOO-ft) is only 1.1 kW (1.5 hp) 

which is also too small. Much of the system pressure loss will be in 

fittings, valves, heat exchangers, receiver tubes, etc. A reasonable 

system pump size may be 7.46 kW (10 Hp). Figure IV-57 shows that 

reducing the pipe size to 7.62 cm (3-in) while keeping the same total 

flow (0.01 m3/sec or 154 gallons per minute) will increase pressure loss 

to 542.8 Palm (0.024 psi/ft) and increase the flow rate to 2.04 m/sec 

(6.68 ft/sec). This 2.12-fold increase in pressure loss will result in a 

79¢/yr-m increase in electricity consumed. The change in pump capital 

cost will be $0.95/m. Using the same time-value-of-money factors as 

before the net change considering only pipe, pump. and pumping power will 

be: 
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~C = 1.61 (-$3.94/m + $0.95/m) + 6.14 yr. ($0.79/yr-m) 
= $0.037/m 

Thus, if we only consider pipe costs, pumping power costs, and pump costs 

(no heat loss or insulation) reducing the pipe size to 7.62 cm (3-in) 
does not s i gnifi cant ly change system cost and hence the 0.762 cm (3- i n) 
pipe does not appear better than the 8.89 cm (3-1/2-in) pipe. 

For a PV-T system it is appropriate to include the heat lost and 
insulation costs in the calculation of optimum pipe radius. Changing the 

pipe size to 7.62 cm (3-in) schedule 40 (ID = 7.79 cm or 3.068-in) 
changes the value of A/Br2 that must be used to determine the new optimum 
insulation thickness. The new value for A/Br2 is 0.409 which results in 

an optimum value of rs/r = 1.51 for fiberglass according to figure IV-55. 
The new outer radius for the insulation should be: 

rs = 4.445 cm x 1.51 
= 6.71 cm 

Choosing to round the insulation thickness up to 2.54 cm (I-in) (rs = 

6.99 cm or 2.75 in), this results in the following changes in insulation 
economics: 

~(Cost of daytime heat lost) = -$0.33/yr.-m 

~(Cost of nighttime heat lost) = -$0.43/yr.-m 
~(Cost of insulation) = -$0.79/m 

Combining these savings with the pipe calculations above: 

~C = 1.61 (-$3.94 + $0.95 - $0.79)/m 

+ 6.14 yr ($0.79 - $0.43 - $0.33)/m-yr. 
= -$5.90/m 

This is a very significant savings, since it is done at a net decrease in 
capital costs. 

If the pipe size is decreased further, the fluid velocity and pres

sure loss per foot wi 11 increase. Fi gure IV-57 shows that the cost of 
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pumping will increase rapidly as the pipe diameter is reduced, while the 
savings wi 11 increase more slowly. The optimum velocity appears to be 

somewhere between 2.13 and 3.05 m/sec (7 and 10 ft/sec). This analysis 

indicated that heat loss and insulation costs can be significantly 
reduced by decreasing the pipe size. However, a high design velocity 

makes it critical to properly evaluate pipe, valves, fittings, heat 
exchangers, friction factors etc.; otherwise there is a risk that pumping 

•• 

costs could be much higher than considered in the design. In addition, • 

high manifold fluid velocities and high manifold pressure drops result in 
poor flow distribution through the collector rows and difficulty in con-

trolling the flow. These calculations must be done in full consideration 

of the fluid properties (ethylene glycol if appropriate) at operating 

temperatures. 
Pipe hangers, valves, flanges, etc. will result in a significant 

heat loss if they are not insulated. Once the optimum thickness for pipe 

insulation has been determined, the proper insulation thickness for 

valves, etc. can be determined by scaling thickness according to cost. • 
The proper thickness of insulation on valves would be the same thickness 

unless there was a significant difference in cost. For example, if the 
cost for insulating a valve is twice as much per unit surface area, then 
the valve should only be insulated with one-half the thickness of that on 

the pipe. All parts of valves, flanges, etc. should be covered with 

insulation unless they must be exposed for operation. 

Fi gure IV-58 shows the three bas i c methods of pi pe support. For 
type "a" the pipe is fully insulated and rests in the tray. For this 

type of pipe hanger to be used, the insulation must be strong enough to • 

support the pipe (including weight of fluid and insulation) without being 

crushed. For type "b" the insulation is cut away and the pipe rests 

directly on the hanger. The disadvantage of this type is, of course, the 

heat loss. Based on the assumption that the heat loss can be calculated 

by an equivalent bare pipe 5.08 cm (2-in) wide (probably conservative 
because of edge effects), the heat loss is: 

• 
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2 {7 • 62 x O.635} em 
l04 em 2/m 2 

= 27.5 watts 

° 66.7
o

p 
x (43.3 W/m K) x (O.0508m) 

almost twice as much as pipe hanger "b". In addition, if this pipe 

hanger is not insulated, there will be fin heat losses. As with pipe 

hanger "b", the biggest problem of pipe hanger "c" is probably not the 

heat loss, but the fact that it interrupts the vapor barrier. Mastic 

should be used with sealant that will form a water tight bond to the 

metal. If urethane is suitable, a board could be placed under pipe 

hanger "c" and the whole unit sprayed with urethane. This should reduce 

the heat loss by a factor of ten. 

Gaps in insulation are also a problem. Inspection of typical low 

temperature insulation systems using preformed insulation indicate gaps 

of 0.635 cm (1/4-in) are common (see figure IV-59). For 8.89 cm 

(3-1/2-in) pipe size, such gaps expose 2 percent of the pipe area. Edge 

effects (heqt taking a short cut through the insulation) may cause losses 

two or three times 1 arger than the gap itse 1 f. If we take the tot a 1 

effect to be 6 percent, then for our example, the gap would reduce the 

present value of the heat saved through insulation ($93.32/m) by $5.61/m. 

This is significant compared to the $12.53/m variable insulation cost, 

and suggests gaps significantly effect the optimization of insulation. 

Si x percent may not seem 1 i ke much, but when added to 2 percent norma 1 

loss through the insulation, 3 percent overnight losses, and 2 percent 

pipe hanger loss, we see that losses can add up to be significant 

(13 percent). Since we have already used the optimum thickness, it is 

not cost-effective to reduce daytime losses more. Moreover, nighttime 

losses cannot be cost-effectively reduced by insulation. However, the 

gap should be eliminated by proper insulation sizing and installation 

without any additional cost. Most likely, the cause of the gap is incor

rect insulation selection (mixing pipe and tubing sizes). If there is a 
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gap. since heat rises, placing it on the bottom should minimize the 
effect. Obviously, a concern over the existence of a gap is that the 
weather barrier is unsupported at this point. 
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Figure IV-59. Insulation With a Gap 

2. Acceptable Heat Loss Thickness 
The analysis presented in this section is based on that of ref

erence IV-18. Here, the heat loss from an insulated pipe will be limited 
to a fraction of the loss from a bare pipe. Equation IV-1l8 can be 
rewritten as: 

(Eq. IV-129) 
rs 
--k 1n (r /r ) + R s P s 
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where: 

Q~ = rate of heat loss from insulated pipe 
AI = external surface area of insulation 
Tp = pipe wall temperature 
Ta ambient temperature 
rs outside radius of insulation 
rp = pipe radius 
Rs thermal resistance of insulation surface 
k thermal conductivity of the insulation 

The heat loss per unit area from a bare pipe can be written as: 

(Eq. IV-130) 

where 

Ap = external surface area of bare pipe 
Rp = thermal resistance of bare pipe surface 

If the heat loss from an insulated pipe is limited to some 
fraction, F, of the heat loss from a bare pipe, then: 

(Eq. IV-131) 
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Substituting equations IV-129 and IV-130 into equation IV-131 gives: 

In most cases Rs is much smaller than Rp/F so that: 

r (r) kR ~ In ~ = --E 
r r F 

p P 

and the insulation thickness is: 

t = r - r s p 

CEq. IV-132) 

CEq. IV-l33) 

The bare pipe thermal resistance is given in hr ft 2oF/BTU by 
equation IV- 134, and the thermal conductivity of the insulation can be 
obtained from figure IV-60 at the average insulation temperature: 

1 
R 

P 
[

T -T JO.25 
= 0.27 i r

a 
+ 1.54 x 10- 9 x 

P 

~Tp + 460) + (Ta + 460)] [(Tp + 460)2 

CEq. IV-134) 

+ {Ta + 460)2J 

The fraction of bare pi pe heat loss has been plotted versus i nsu 1 at i on 
thickness and pipe diameter in figure IV-61 for average conditions in 
Albuquerque, New Mexico. As indicated, a heat-loss rate below 3 percent 
dramatically diminishes the returns of adding insulation. Thus, it is 
recommended that F be limited to about 3 percent. 

J. AUXILIARY HEATERS 

Two types of auxiliary heaters are available to augment the thermal 
energy gained by the PV-T system; heat pumps and fossil-fueled auxiliary 
heaters. 
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1. Heat Pumps 
To determine if a heat pump is an important option to be 

included in a PV-T system. two things should be considered in addition to 
the traditional comparison of the cost of electricity used by the heat 
pump to the cost of oil. First. can the PV-T system provide the elec
tricity for the heat pump and second. could the PV-T system be redesigned 
to meet the load without the heat pump? 

The usual analysis of energy costs for a heat pump is: 

Oil $251/m3 
-----=-=-=-=-1...'-_ "------- = $0. 03/kW hr 

10683 kW hr/m3 x .80 overall eff 

Heat Pump $.067/kwh = $0.017/kW hr 
4 COP 

For a COP of 4 using a power generation efficiency of .343 and an elec
trical transmission and distribution efficiency of .9, only 237 kW of 
primary fuel are required to deliver 293 kW Btu's of heat whereas 366 kW 
of heater fuel will be required at a heater efficiency of .8. 

The assumption that goes into the usual analysis of the cost of 
operating a heat pump is based on the idea that the heat source is waste 
heat. In a PV-T system the heat is not waste. Figure IV-62 shows a PV-T 
system with a heat pump. Cons i derat i on of the fi gure shows that the 
function of the heat pump is to change the quality of the energy reaching 
the load, not to change the quantity. The thermal energy becomes higher 
in temperature and more in quantity by the amount of the compressor elec
tri ci ty consumpt i on, but the e 1 ectri ca 1 energy deli vered to the load is 
reduced by the energy consumed by the compressor; the net resu 1 tis the 
same total energy de 1 i vered to the load. The quest i on is then "i s the 
change in energy qual ity produced by inclusion of the heat pump in the 
system cost effective?" 

The max imum e 1 ectri ca 1 energy avail ab 1 e to the heat pump com
pressor is the fu 11 e 1 ectri ca 1 output of the PV-T array. If more than 
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this is required. it would make more sense to replace the whole system 
with a solar thermal system. At 125°C. the efficiency of a solar thermal 
system is as high as the total efficiency of a corresponding PV-T system. 
I f the e 1 ectri ca 1 output of the array 1 imits the heat pump compressor 
electricity consumption then: 

(Eq. IV-l35) 

where QL is the heat delivered to the load. EpV_T is the electrical out
put of the PV-T array. and COP is the coeffi ci ent of performance of the 
heat pump. Since QL is equal to the thermal output of the array (QpV-T) 
plus the compressor electrical consumption QpV_T/(COP-l}. the above 
expression becomes: 

COP > 
(Eq. IV-136) 

Using the E-Systems PV-T system as representative. the electrical to 
thermal output ratio at 100°C is .24 implying the COP for the heat pump 
must be greater than 5.2. An examination of figure IV-63 shows that such 
a COP requ i res that the condenser outlet temperature be no more than 
30.50C (55°F) higher than the evaporator outlet temperature. About 8.30 C 
(15°F) of this difference occurs in the heat exchanger. so that only 
22.20C (40°F) improvement in temperature is possible with a COP of 5.2. 
Since the limit on commercial heat pumps is about 104.40 C (220°F) and the 
temperature limit of a PV-T array is about i2ioC (250°F). little improve
ment is possible over the temperature that can be obtained by operating 
the PV-T array at maximum temperature. We thus conclude. that if the 
e 1 ectri ca 1 consumption of the heat pump compressor is kept to a mi nimum 
so as not to consume the entire electrical output of PV-T array. then the 

,COP of the heat pump must be high and. therefore. the temperature 
enhancement is small (22.20 C). 
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To determine if a heat pump is viable, consider two systems: 
one, a low temperature system that uses a heat pump to raise the tempera
ture, and second, a PV-T-only system operating at the higher temperature. 
The benefit of the higher temperature system can be expressed as: 

where: 
I is the insolation, 

VE is the value of the electricity ($/kwh), 
Vo is the value of the heat ($/kwh), 
nE is the electrical efficiency of the array at TH, 
nO is the thermal efficiency of the array at TH, 

(Eq. IV-13?) 

TH is the operating temperature of the high temperature array. 

For the other system the benefit is: 

(Eq. IV-l38) 

where 
EHP is the energy consumed by the heat pump, 
COP is the coefficient of performance of the heat pump. 

TL is the operating temperature of the low temperature array. 

Requiring that BLT > BHT implies that: 

nE(TL) + VE [nQ(TH) 

(Eq. IV-l39) 
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o 0 Using the E-Systems PV-T system performance data, TL = 75 e, TH = 100 e, 

and calculating VQ/V
E 

using the above oil and electricity prices this 

expression reduces to: 

COP> 13.4 (Eq. IV-140) 

This means that for a heat pump system that boosts the temperature of an 

array operating at 750e to the load temperature of 1000e to produce more 

benefit (ignoring the additional cost outlay for the heat pump) than a 

PV-T system operating at 1000e, the eop of the heat pump would have to be 

more than 13.4. For these temperatures, figure IV-63 implies actual heat 

pump coefficients of performance are about 5.5. 

In conclusion, the eop of heat pumps are not large enough for 

them to produce a s i gni fi cant increase in temperature wi thout consumi ng 

the entire output of the array, and the same temperature increases can be 

produced more cost effecti ve 1 y by operat i ng the PV - T array at a higher 

temperature. These conclusions are, in part, dependent upon the 

E-Systems PV-T efficiencies assumed but the eops calculated to support 

both conclusions could be reduced by a factor of two without changing the 

conclusion. This analysis does not imply heat pumps are not useful when 

there is waste heat to be recovered, but that using them with a PV-T 

array is like using a heat pump to boost the temperature of the output of 

a heater. 

2. Auxiliary Heaters (Steam and Hot Water) 

An auxiliary heater is required in a PV-T system as a back-up 

to the solar collectors, and to supply additional heat when the collec

tors cannot meet the full load. To satisfy the back-up requirement, the 

auxi 1 iary heater must be sized to del iver the full load when the solar 

system is off, and when the storage tank (if there is one) is not supply

ing warm water. In a PV-T system, performance is optimized for the 

combined thermal and electrical output. Thus, the temperature may not be 

high enough to meet load requirements. Interfacing requirements of the 

PV-T array and the aux il i ary heaters are not the same as for a so 1 ar 

thermal system. 
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The PV-T array and the auxiliary heat boiler can be interfaced 

in series or parallel. Connecting the PV-T array and auxiliary heater in 

para 11 e 1 can either increase or decrease the auxi 1 i ary heater I s perfor

mance, depending upon whether the efficiency of the heater goes up or 

down with turndown. Usually, changes in heater efficiency with turndown 

are less than 2 percent; however, for some heaters the change may be as 

much as 8 percent. If the array and heater are connected in parallel, 

then the heater can be cycl ed on and off operat i ng on ly at fu 11 load. 

For a heater which decreases in efficiency with turndown, the heater will 

be most effi ci ent when connected in para 11 e 1. The array wi 11 be most 

efficient when the inlet temperature is as low as possible; this occurs 

when the heater and array are in seri es. Depend i ng on the specifi c 

auxil i ary heater, the array characteri st i cs, and operating condit ions, 

maximum system performance can be obtained either through series or 

para 11 eli nterfaci ng, but in general maxim; zi ng array effi ci ency through 

seri es i nterfaci ng wi 11 1 ead to the best system performance for many 

applications. For a PV-T system, if the maximum array outlet temperature 

is not high enough to meet the load requirement then the system must be 

connected in series. 

are: 

Three ways the heater and array can be interfaced in series 

(1) With the PV-T system preheating process water entering the 

auxiliary heater. 

(2) Using heat from the PV-T system to heat the combustion air. 

(3) Us i ng heat from the PV-T system to heat the auxil i ary heater 

• fuel. 

• 

A steam or e 1 ectri c fue 1 heater is somet i mes requ i red to heat 

heavy fuel oils to lower their viscosity for proper atomization in the 

auxiliary heater burner. Fuel temperatures of up to 74.60 C (2000 F) may 

be required. When appropri ate, fue 1 heat i ng can produce a savi ngs of up 

to one-half of one percent. However, there are disadvantages of 

additional control system requirements, possible fire hazards (especially 

with natural gas), and prob 1 ems in rna i nta i ni ng a constant fue 1 quality 
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-' :when the PV-T system output varies. If fuel heating is considered. the 

design should be checked with the heater manufacturer and careful 

consideration should be given to maintaining proper fuel quality. 

Compared to other methods of using the PV-T system heat, fuel heating is 

not recommended. 

Combustion air heating may require the existing air supply and 

burner equipment be modified to operate at higher temperatures. For a 

typical auxiliary heater every 37.SoC (lOOoF) rise in temperature of the 

combustion air will increase the efficiency by 3 percent. Advantages of 

combustion air heating are that it can be very effective, low tempera

tures can be used, and that interfacing the PV-T system and auxil iary 

heater is simple, provided heater equipment can handle higher tempera

tures. Disadvantages are that modifications of heater equipment may be 

necessary and the heater equipment may need to operate under a varying 

air inlet temperature as the PV-T system performance changes. Before a 

combustion air heating system is designed, the heater manufacturer should 

be consu lted. 

Feedwater heat i ng is a standard pract ice for both hot water 

heaters and steam generators, and the use of the PV-T system to preheat 

an auxiliary heater does not introduce any unique solar design considera

tions. If the heater is a boiler and has a deaerator, it is important to 

determi ne if feedwater heat i ng wi 11 raise the temperature too hi gh for 

the deaerator to function properly. If this is the case, the feedwater 

heat i ng rate wi 11 have to be changed or the deaerator wi 11 have to be 

replaced with a high temperature deaerator. 

Figure IV-64 shows a typical boiler system. Not all boilers 

have a ir heaters, economi zers, and de aerators • Fi gure IV-65 shows the 

two basic ways to feedwater heat the boiler in figure IV-64. Configura

tion "a" favors heat extraction from the blowdown water at the expense of 

higher inlet temperatures to the PV-T array. Configuration "b" favors 

increased PV-T array efficiency at the expense of waste heat in blowdown 

water. Typi ca 1 b lowdown water rates are 20 percent of the makeup water. 

Typ i ca 1 temperatures for b lowdown water and makeup water are shown on 

configuration "a" of figure IV-65. Configuration "a" results in 19.3 

IV-176 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

THE BDM CORPORATION 

STI':AM TO DEAERATOR 

~------------------------~ 

CONDENSATE 
RETURN 

A H AIR HEATER 

B BOILER 

FEED 
WATER 

B D BLOWDOWN HEAT EXCHANGER 

D DEAERATOR 

E ECONOMIZER 

P FEED PUMP 

FLUE GAS 

t 
: 

COMBUSTION 
AIR 

• l I 
: I 

-----i--"'+ PROCESS 
.............. 
"~ . 

" ......... _ .. - FUEL 

BD 

MAKEUP 
'--- WATER 

"---.-or ... 

SLOWDOWN 
WATER 

--- WATER 
---- STEAM 
........... FLUE GAS OF COMBUSTION AIR 
_ .. _ ... FUEL 

BDM/A·82-458-TR-Rl 

Figure IV-64. Typical Boiler System Showing Major Components 

IV- 177 



THE 8DM CORPORATION 

62.BoC 
a) (145°F) 

68.30C 
(155°F) 

b) 

BLOWDOWN 
WATER 

• 
176.7oC 
(350°F) 

1B.30C • (65°F) 

37.SoC 
(100°F) 

BLOWDOWN 
WATER 

[

40.60C 
(105°F) 

PV/T 

MAKE UP 
VJATER 

NOTE: BLOWDOWN FLOW RATE IS 20% 
OF MAKEUP FLOW RATE • 

MAKE UP 
WATER 

80M! A-82-458·TR-R1 

• 
Figure IV-65. Ways of Preheating a Boiler 

• 
IV-178 



• 

• 

• 

• 

THE BDM CORPORATION 

watt hrs/kg (30 Btu/lb) of makeup water more than without the PV-T 

system, whereas confi gurati on "b" on ly resu lts in 16.1 watt hrs/kg (25 

Btu/lb) of makeup water. This benefit of configuration "b" is 17 percent 

less. For configuration "b" the average temperature in the array is 

27.80e (500 F) less than configuration "a". This should result in a 7 

percent increase in array performance, whi ch is cons i derab ly 1 ess than 

the 20 percent poorer heating of makeup water. From the example numbers 

on figure IV-65 we thus expect that configuration "a" is better. 

Figure IV-66 shows a heater with a spray stack economizer. The 

PV-T array can be interfaced to such a heater before or after the stack. 

Again, there will be a heater-PV-T system trade-off depending upon where 

the interface is. 

If the boiler supplies steam and the PV-T array only delivers a 

temperature below boiling, enthalpy considerations (heat of vaporization 

vs. specific heat) imply the PV-T array can only supply a few percent of 

the load. Boiler efficiencies vary from a standard 80 percent up to 96 

percent. Si nce th i s difference is cons i derab ly more than the 2 percent 

savings a PV-T array can supply, it is obvious one must not let boiler 

efficiency be degraded by the interface to the PV-T system. For existing 

boilers, one must clearly work around constraints imposed by the boiler 

confi gurat i on. When a new boil er is to be used, one must be carefu 1 

boiler efficiency is not sacrificed to make interfacing with the PV-T 

system simpler or more efficient. 

For a hot water heater, the contri but i on of the PV - T array to 

heat load is not limited. In this case, the system should be designed to 

maximize PV-T array efficiency rather auxiliary heater efficiency. 

Aux il i ary heaters have a range over wh i ch the burner can be 

turned down and still provide rel iable operation with complete combus

tion. The typical load range is 25 to 100 percent of full rated load (a 

four to one turndown). Some heaters with specialized controls and 

burners have a ten to one turn-down. Below the turndown rate the burner 

no longer functions and must be turned off. Thus, if less heat is 

required than the turndown, the burner must be cycled. 
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During cold start-up, a low firing rate must be maintained to 
avoid rapid thermal expansions and, of necessity, combustion efficiency 
is poor, leaving some unburned fuel. Most furnace explosions occur 
during start-up and low operation. Operational strategy should minimize 
cold start-ups, i.e., the use of a storage tank to equal ize the load and 
allow the heater to be fired up only once a day--at night--to make up any 
heat needed. A bri ef drop in load (one hour) may not cause burner 
problems, but the manufacturer should always be consulted about the oper
ational strategy, i.e., turndown, cycling, and cold startup. 

Heaters have a recommended safe load change rate. A change in 
load that is too quick is 1 ikely to cause the burner to shut off, a 
safety valve to lift venting pressure, a drop in pressure, or poor effi

ciency. Therefore, the system should be designed so the heater does not 
have to compensate for rapid changes in the load or rapid changes in PV-T 
array output. 

Concern is often expressed that the use of a solar system to 
preheat feedwater, will cause the auxiliary heater efficiency to fall 

off. Figure IV-67 shows the efficiency of a heater as a function of the 
fuel firing rate. It should be noted that the high rise in losses for 
low firing rates is below manufacturer's maximum recommended turndown and 

thus represents using the heater in a cyclic mode. This representation 
of heater efficiency at low average firing rates, while not totally 
accurate, is adequate for present analysis. The heater losses (as shown 

on figure IV-67) are made up of two components: 
(1) A skin loss, which depends primarily on the temperature of the 

• heater shell, and so is essentially a constant for all firing 
rates, when the heater is warm. 

• 

(2) A stack loss, which is essentially a fixed precentage of the 

energy delivered by the heater over the entire range of firing. 
Typically, these losses are 1.5 percent of the energy delivered 

at full load for the skin loss, and 25 percent of the energy being 
delivered at the actual firing rate for stack losses. The efficiency of 

the auxiliary heater at a given firing rate F can be approximately 
expressed as: 
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n = (1 + B(F) + a/F)-l (Eq. IV-141) 

where B(F) is stack loss fraction energy delivered at firing rate F, and a 

is the skin loss constant fraction of full load. Figure IV-67 shows that 
at low firing rates (10 percent or less), the losses in the heater become 
high; hence the concern when using a PV-T system as a preheater for an 

auxiliary heater • 
The primary evaluation of effectiveness of a PV-T system as a 

preheater for an auxiliary heater is not the efficiency of the heater at 
the firing rate being used, but the cost effectiveness of the entire 

system. 
Figure IV-68 shows for low firing rates, a high loss fraction 

of the actual fuel being used, not a high fraction of the fuel that would 
have been used if the PV-T system were not preheating the auxiliary 
heater. The extra fuel used by the heater because of lower efficiency at 
low firing rates: 

QEXTRA - {a I 1 - F I - F [B I 11 - B I F I] } 
Q (Eq. IV-142) 

FULL-LOAD 

is compared to the fuel saved: 

(Eq. IV-143) 

QSAVED -{II - FI [i + Bill] + F[Blll]-[BIF1} QFULL-LOAO 

in figure IV-68. In plotting figure IV-68, it has been assumed that the 

variation in B, as a function of firing rate, is not more than 8 percent. 
The figure shows that the fuel wasted due to firing including cycling the 
heater at low effi ci ency is always a small fraction (1.2 percent) of the 

fuel saved for all firing rates. The reason for this is that the times 
when figure IV-67 shows high losses (firing rate less than 10 percent), 
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occurs when the PV-T system has resulted in a larger fuel savings. 
Figure IV-67 shows that once the heater has been modified to interface 
with the PV-T array, the system should be operated so as to minimize 
heater usage, and that low average firing rates are not an efficiency 
problem (excepting perhaps cold start-up). The figure does not address 
the issue of whether it is cost effective to modify the heater to inter
face with the array. The answer to that question depends on the cost of 
using the particular heater in a conventional manner and the characteris
tics and costs of the PV-T array auxiliary heater system. 

It can be concluded then, that the use of a PV-T system to 
preheat a heater will not have the adverse effect of lowering the 
auxil i ary heater eff i ci ency. The heater, however, may have an adverse 
effect on the performance of the PV-T array. In general, the PV-T system 
will perform best, and result in the maximum fuel savings, when the 
average inlet temperature of the array is low. This means the auxiliary 
heater should be placed in the system, and operated so as to produce as 
low an array inlet temperature as possible. In general, this means the 
auxiliary heater should be in series rather than parallel with the array, 
and that the heater be fired at as low a rate as possible while still 
satisfying the load demand. A heater should not be fired at a turn down 
rate less than it is designed for. The turndown rate, if possible, 
should be low enough that the storage can be exhausted overnight (or by 
the end of the week if energy is to be collected during the weekend, for 
use during the week); otherwise the morning array inlet temperature will 
be higher than necessary. 

Boi lers must meet all ASME codes: Boi ler and Pressure Vessel 
Code Section IV for Heating Boilers (low pressure heaters), and Section I 

for Power Boilers (medium and high pressure heaters). Boilers are clas
sified based on working pressure and temperature, fuel used, and output 
(steam or water). Heater performance is rated according to the Hydronics 
Institute, American Gas Association, or American Boiler Association. 
Boiler sizing is based on gross output. The gross output must, however, 
be sufficiently larger than the load requirement to allow for pickup and 
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piping loss. Pickup is the extra heat that must be added to warm up the 

system, and pipe loss is the heat leaving the heater that is lost in 

transit to the load. Further information on the use and maintenance of 

heaters can be found in the ASHRAE guide books. 
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CHAPTER V 

RELIABILITY, AVAILABILITY, AND MAINTAINABILITY 

A. INTRODUCTION 

The purpose of this discussion is to present a practical technique 

for developing reliability, availability, and maintainability (RAM) 

guidelines for solar photovoltaic-thermal (PV-T) systems design. The 

objective is to present the methodology, highlight the issues, and 

provide useable quantitative information for prediction purposes. 

The methodology will be applicable to any PV-T system and reflects 

the performance expected of state-of -the-art techno logy. It is suffi-

ciently flexible to evolve with time and be applicable to anticipated 

technological developments of the near future. 

RAM factors are significant in the design of PV-T systems because 

they influence both system life cycle cost and system effectiveness. 

Reliability and maintainability combine to affect the frequency and dura

tion of maintenance on the system hardware availability, which has a 

direct impact on the system effectiveness or lifetime power output. This 

chapter provides information on the elements of RAM that encompasses both 

quantitative and qualitative features. 

RAM theory is discussed to the extent necessary to analyze PV-T 

systems, then the system components are i dent ifi ed, and a generi c PV-T 

system is described. The description is sufficiently generic to be 

manageable, with enough detail to represent all components. This also 

allows substitution where desired. The next step presents fai lure data 

for components, and is presented in tabu 1 ar form for ease of use. Th is 

generic data can be expected to change as a system design matures, and 

should be used with this in mind. Sources of information for additional 

data and more refined theory are also indicated to aid prospective PV-T 

des i gners. The fi na 1 sect i on of the chapter presents an examp 1 e trade

off analysis to illustrate how RAM considerations enter into the formula

tion of a system design. 
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B. CONSTRAINTS 

There are some basic constraints to this analysis that should be 
remembered throughout the discussion. 

The design of PV-T systems is, in relation to current energy systems 
in use, very new and somewhat immature. Component design is evolutionary 
and RAM data has yet to be developed and proven. Critical uncertainties 

• 

still remain in the technology. The very definition of "failure" for • 
certain PV components is not well understood and is subject to wide 
interpretation. This discussion evaluates current state-of-the-art tech-
nology, and uses expected value modeling analysis based on the exponen-
tial distribution and sensitivity analysis to determine RAM data and 
provide a methodology for future extrapolation. 

To be of any value, th is treatment must be cons i stent. The method
ology has focused on basic issues such as operating time, failure modes, 
and possible failure consequence. 

C. RAM THEORY 

1. Introduction 
There is significant interaction between reliability, maintain

ability, and availability. For convenience of presentation, each of 
these elements will be discussed separately in the following paragraphs. 
However, links between these disciplines will be identified at appro
priate points in the discussion. 

2. Re 1 i ab il i ty 
a. General 

Reliability has become a major field of study during the 
past twenty-f i ve years, and a vast body of 1 iterature ex i sts on the 
subject. Topics within rel iabil ity include failure mode effects and 
criticality analysis (FMECA), failure predictions, reliability testing 
and demonstration, reliability allocation, failure physics, and reli
ability design. In addition, the discipline is closely related to 
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quality assurance, system effectiveness analysis, life cycle cost, and 

logistics analysis. The topics of concern in this chapter will be FMECA 

and failure rate prediction. 

For the purpose of this discussion, reliability is defined 

as the probabil ity that a system will perform ina sat i sfactory manner 

for a given period of time when used under stated conditions. The term 

"satisfactory performance" is used deliberately to indicate that the 

judgment of the system operator is often the means by which failures are 

identified. The definition is sufficiently flexible to include out-of

tolerance failures (graceful degradation) as well as catastrophic events. 

To 1 erance fail ures ari se when the measurab 1 e characteri st i cs of a part 

change gradually unti 1 an unacceptable performance level is reached. In 

catastrophic failures characteristics change abruptly, usually resulting 

in complete inoperability. Both types of failures are relevant in solar 

system design and their impact must be considered in a failure rate pre

diction. For predesign failure analyses it should be noted that certain 

historical failure data banks do not include tolerance failures, while 

other sources do contain such failures. The designer must ensure that 

tolerance failures have been included in the data base and resulting 

predictions, or that appropriate adjustments are performed to include 

them. The data in appendix A includes both types of failures. 

It is also necessary to cons i der two other categori es of 

failures. They are termed logistics failures and critical hardware 

failures. Both tolerance and catastrophic failures will be found in each 

of these categories. Logistics failures include all failures of the 

system that require eventual restoration and imply the need for main

tenance personnel, and usually (but not always) spare items. Repair of 

logisitics failures may often be deferred to periods of low insolation or 

poor weather. Logistics failures will be measured in terms of mean-time

between-maintenance (MTBM), to include preventive maintenance actions 

(e.g., array cleaning), as well as unscheduled actions (e.g., pump 

failure). Logistics failures are the appropriate category to consider in 

resource projection studies • 
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Critical hardware failures \ include only those fai lures 
that result in unavoidab le system downtime (a downing event) during 
periods of sufficient solar availability. Thus, critical hardware 
failures result in loss of system output, and are the appropriate measure 
for use in hardware availability analysis. These fai l ures will be 
measured in terms of mean-time-between-cr itical -fai lure (MTBCF). The 
distinction between logistics and critical hardware failures is essen
tial, since logistics failures are often two or three times more abundant 
than crit ical fail ure s (and even factors of ten are not uncommon). 
Secondly, certain reliability design techniques, such as use of redundant 
components , will affect these measures differently. Redundancy will 
usually result in improved critical hardware reliability, but at the same 
time will decrease system logistics reliability (since added hardware 
means there are more items that will fail and require eventual repair). 

b. Failure Modes , Effects and Critica lly Analysis (FMECA) 
The FMECA is the systematic identification of failure 

modes, thei r reSLJ ltant effect on system perfor,mance, and the crit i ca 1 ity 
of these effects. There are two 1 eve 1 s of a FMECA. A Phase I ana lys i s 
will result in identification of the component failure modes that result 
in an unacceptable impact on the system, i .e., unavoidable . downtime. 
These failure modes then become candidates for corrective design actions. 
A Phase I I ana lys i sis generally performed concurrent wi th re 1 ease of 
detail drawings and results in the quantification of fai lure mode criti
cality. A Phase I analysis is considered to be of sufficient depth for 
this report. The "Development Guide for Reliability - Part Two" 
AMCP 706-196, contains further details on the conduct of Phase II 
analysis. 

A Phase I analysis consists of the following three steps: 
(1) Construct a Symbolic Logic Block Diagram. This diagram is a 

hierarchical structure that indicates the functional relation
ships between elements of the system. Figure V-1 is a repre
sentative example of such a diagram. 
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\ 

(2) Conduct failure effects analysis. This step identifies the 

failure mode of each item at the lowest level of the logic 

diagram, and indicates the effect of this failure mode on the 

next higher level. Typical failure modes include open 

circuits, short circuits, parameter drift, component wear, etc. 

This process is continued until all branches of the diagram 

have been exhausted. 

(3) Prepare list of critical items. This list is a tabulation of 

lowest level items whose failure resu l ts in possible loss, pro

bable loss, or certain loss of the next higher level item(s) of 

the diagram. In this context "loss" means that the next higher 

1 eve 1 item is rendered i noperab 1 e or out-of - to 1 erance. The 

lowest level items that result in system loss are identified 

for further assessment. 

Once the critical item list has been compiled, design 

alternatives are generated to reduce or eliminate the problems. For 

example, these alterations may include use of redundant parts, or parts 

with different failure characteristics. 

Appendix A presents a compilation of failure modes and 

effects for typical components in PV -T systems. It should be noted that 

failure effects and their criticality depend upon the system architec

ture, i.e., arrangement of components, as well as the component hardware 

characteristics. The Appendix A information should, therefore, be 

considered as general guidance; that is, to be modified for a particular 

appl ication. These fai lure modes reflect current technology items, and 

are subject to change as new manufacturi ng processes are emp 1 oyed in 

fabrication of these PV-T components. 

The FMECA is a "bottom up" procedure that begins with the 

hardware components and works upward through the block diagram to 

identify the effect of a failure in a hardware component (or two compo

nents Simu ltaneously , etc.) on system level performance. A similar 

procedure called a fault tree starts at the system level and then i den

tifies the next lower level subsytem that can cause the system failure. 
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Only subsystems (and lower level items) that can cause system failure are 

included in the diagram. References V- l, V-2, and V-3 provide details of 
the fau 1t tree approach. Certa i n conventions have been deve loped to 

guide the preparation of a tree . These conventions apply to the identi 

fication of the modes or gates in the process . A simple example of a 

fault tree i s shown in figure V-2 . The figure shows a functional diagram 

for a three element system and the corresponding fault tree . In this 
case if anyone of the three elements is failed, then the entire system 

fails (or-gate logic) . 
Either the FMECA or fault tr€, approach (or both) may be 

applied in a given PV-T design. The primary value gained through appli

cation of either of these graphical/analytical aids is that potential 

reliability problem areas are systematically identified for designer 

attention . Subsystems with high failure rates, or severe impacts on the 

system performance, become cand i dates for redes i gn or use of redundant 

components, etc. 
c. Failure Rate Prediction 

Quantitative predictions of PV-T system fai lure rates are 

required for cost estimating studies and availability assessment. The 

basic steps in the estimation of logistics failure rates and critical 

failure rates are similar and the procedure outlined is applicable to 

either problem. The unique aspects of each are identified at the appro
priate points in the narrative . 

A seven step procedure is applied to develop failu r e rate 

predictions . This procedure has been adopted from reference V-4 . 

(1) The first step consists of the definition of the system for 

which the prediction is to be accomplished. This requires the 

specification of boundaries between items in the system . Thi s 

step is necessary to ensure that no duplication is possible and 

that the complete system is consider ed. It has been found that 

errors of omission and duplication are frequently the largest 

sources of inaccuracies in prediction of failure rates . 
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(2) Once the system is defined, the definition of failure is 

specified. Since the definition of failure may include 
distinctly different cr iteria , i.e., catastrophic failure 

versus graceful degradation, two separate analyses may be 

required. In either case, failures are defined in terms of 

limits for performance parameter values. For example, a 

resistor is failed if its resistance value is outside specified 

limits either due to drift or an open. Additionally, a selec

tion must be made between logistics failure and critical hard 

ware failure. 

(3) Defi ne Operat i ng and Maintenance Cond it ions - Operat i ng cond i
tions include the time that the system is operating versus the 

time it is dormant. For PV-T systems this definition can be 

rather complex since certain components (such as a thermal 
storage unit) may be operating continuously, while the array 
will be operating approximately ten hours per day depending 

upon geographic location, time of year, weather, etc. 

The environment is also defined in this step. This 

definition includes both induced and natural factors external 

to the system such as temperature range, humidity, dust levels, 

vi brat i on 1 eve 1 s, etc. These factors shou 1 d be recorded even 
though the prediction methodology may not be fully sensitive to 

each factor. 

Maintenance conditions include the maintenance concept 

(repair on equipment vs. remove/replace failed items), the 

preventive maintenance schedule, and simi lar issues . These 
maintenance conditions can have an impact on reliability , 

especially with regard to maintenance induced failures, though 
the effect may not be readily quantifiable. 

(4) Develop Reliabilty Block Diagram The reliability block 
diagram indicates the relationship between system components as 

they affect reliability. Those components for which a failure 

resu lts in system failure, are shown in series, while redundant 
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items (whose fail urecauses system failure only when another 
component has also failed) are shown in parallel. One assump
tion inherent in the block diagram is that each block is inde
pendent of the others, or that no common cause for fa i 1 ure 
exists. If common cause failures are an issue, one approach is 
to consider a single block to represent the commonly effected 
items. Fi gure V-3 illustrates the differences between a func
tional diagram and a reliability block diagram in a simple 

case. The re 1 i abi 1 i ty block diagram is des i gned to represent 
the arrangement of subsystems from a reliability viewpoint. 
This fosters the development of relationships to predict system 
failure rates (or MTBCF). Thus, the purpose is different from 
indicating signal flows, or material flows as depicted in func
tional diagrams. 

Separate block diagrams may be required for logistics 
failure and for critical hardware failure prediction. In 

general, the logistics failure diagram will consider each 
component in series, while the critical hardware failure 
diagram considers redundancy of components as it affects 
mission success. 

The question of how detailed to make the block diagram can 

be difficult to answer and depends on the specific case. In 
general, the level of detail should agree with that in the 
source of fai lure rate data. Pub 1 i shed sources mos t often 
report at the pump, motor, valve, etc., level for mechanical 
items, and Ie, diode, capacitor, resistor, etc., for electronic 
components. Also, each block should be restricted to items 
with the same work cycle, if possible. 

(5) Develop Reliability Formula - The reliability formula is an 

algebraic expression of the relationship between components 
shown in the block diagram. Since system failure rates are of 

interest the formula for a serial arrangement consists of the 
addition of failure rates as shown below. 
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m 
A = L: 

i =1 
A. 

1 
(Eq • V-I) 

where Ai is the failure rate of the ith element in series 

(Ai = I/MTBCF i orl/MTBMi as appropriate). This formula assumes 

that all failures follow an exponential distribution which is 

an accepted procedure. Thi s assumpt i on further means that the 

failure rates are considered to be constant over time. This 

assumption has been found to be a reasonable approximation for 

most items, especially electronics. The above equation is 

especially applicable in the calculation of the logistics 

failure rate at the system level. 

If the parallel/series arrangement of components is impor

tant, as in critical failure analyses, the failure rates of 

serial items are additive. Items in parallel are considered as 

a block with an aggregate failure rate as in equation V-2: 

Block failure rate 1 
1 
~ 

1 

(Eq. V-2) 

where Ai is the failure rate of the ith component and there are 

m components in parallel. The block failure rate is then 

inserted into the equation that adds all serial rates together. 

(6) Estimate Component Failure Rates This step consists of 

estimating the failure rates for each block in the reliability 

diagram. Generic failure rates are provided in appendix A for 

a variety of items applied in PV-T systems. For logistics 

reliability estimates the operating and non-operating rates are 

combined in equation V-3: 
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= 
t no (Eq. V-3) 

where: 
top = operating time in hours 
\ = non-operating failure rate in failures per hour no 
t = non-operating time in hours no 
A = operating failure rate in failures per hour op 

The non-operating time is the elapsed time in hours during 
whi ch a component or equ i pment is connected to the system in 

its normal configuration, but is not experiencing the elec
trical, mechanical or thermal stresses inherent in the designed 
operation of that component or equipment. It is often an 
engi neeri ng judgment whether a gi ven system is ope rat i ng or 
not, expecially when a portion of the equipment is engaged. 

The failure rates in Appendix A have been normalized to 
reflect standard operating environments. For example, the CRT, 

processor, and plotter rates assume temperature controlled 
environment, while PV cell, piping, tracking systems, etc. 
rates assume stationary external environment (dust, humidity, 

temperature cycling). 
For ease of presentation, only point estimates of generic 

failure rates are contained in appendix A. Actually, failure 

rates are subject to wide variation depending upon manufac
turer, component size, etc. Variations in failure rates by a 

factor of two or three above the mean, (i.e., 1/3\ to 3\) are 

not uncommon. Several compilations of failure rates provide 

high and low values as well as the mean. 

In the case where a component is not included in 

appendix A, the component may be similar to one tabulated in 
the appendix and the data for the analogous system may be used. 
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A second possibility is to consult published data sources such 
as: Military Handbook 217C (for electronics components); The 
Nonelectric Reliability Notebook (AD/A-005-657) and updates; 
The Mechanical Design and Systems Handbook (Chapter 18); or the 
Failure Rate Data (FARADA), published by the Government
Industry Data Exchange Program (GIDEP). Extreme care should be 
taken in using the data from these sources. The type of 
failures included in the data (tolerance or catastrophic) 
should be determined, as well as the time base (operating hours 
or operating plus non-operating) for the calculations. 
Environmental adjustments, usage factors and modifications for 
failure definition may be required to make these data useful 
for PV-T predictions. 

(7) Calculate System Reliability - The final step consists of the 
calculation of system-level reliability based on the reli
ability function and the input failure rate data. The basic 
fa il ure data are input to the equati ons, the mode 1 is exer
cised, and the system level estimate thereby obtained. 

3. Maintainability 
a. General 

Maintainability is defined as the probability that a 
failed system is restored to an operable condition within a specified 
period of time. 

As with reliability, maintainability has qualitative and 
quantitati ve aspects. The qua 1 itat i ve aspect concerns the des i gn of the 
system for such th i ngs as safety, ease of access to failed items, and 
minimization of requirements for special tools and test equipment. The 
quantitative elements include estimates of elapsed times to accomplish 
rep a irs and inspect ions, maintenance crew sizes, prevent i ve maintenance 
intervals, materials/component condemnation rates, and repair parts 
requirements. 

Maintenance can also be divided into preventive main
tenance, consisting of those actions necessary to retain an operating 
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item in an operating condition, and corrective maintenance, actions 

necesssary to restore a non-operating item to an operating condition. 
The unique operating profile of a PV-T system affects 

maintainability in the same manner as discussed previously as a factor of 

logistical reliability. That is, the cyclic operating mode wherein many 

critical components do not operate when there is no solar flux (e.g., 

nighttime). Thus periodic preventive maintenance can often be scheduled 

so that it does not adversely affect availability . 

The following paragraphs discuss these issues in greater 

detail. 
b. Qualitative Maintainability 

Systems design includes safety, simplicity, modularity, 

and ease of access. For example, improper design is the majOl" cause of 

master control subsystem problems due primarily to the fact that solar 

heat i ng and coo 1 i ng control systems are more comp 1 ex than convent i ona 1 

HVAC control systems. This complexity is required because the operating 

modes depend on variable insolation rates, intermittent demands from 

collectors, thermal storage and utility interface, control decisions 

based on changing temperature differentials, and requirements to inte

grate auxiliary equipment into the system operation. Major design 

related problems are: (1) control system enters an improper operating 

mode (e.g., auxilliary and solar heating systems operate simultaneously), 

(2) poor control sensor location, and (3) defective components. The 

latter item is dependent on quality of materials as well as design. The 

immaturity of PV-T technology means that much needs to be learned about 

• environmental degradation of sensors, heat transport subsystems joint 

design and other PV-T components. 

• 

A number of guidelines and techniques have been developed 
to promote qualitative maintenance. It has proven difficult to evaluate 

the impact of incorporating these guidelines in terms of reduced support 
cost or improved availability. Nevertheless, these guidelines should be 

borne in mind during system design and followed to the extent practi

cable. A checklist of qualitative maintainability factors is furnished 
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below. The factors considered in the list are representative, but by no 
means exhaustive. 

(1) Reduce Maintenance Complexity 
(a) Complexity is reduced through provision of sufficient 

accessibility, work space and work clearance. 
(b) Complexity is reduced by use of interchangeable 

parts, materials, components. 

• 

(c) Complexity is reduced by limiting the number of ~ 
tools, accessories, and test equipment. 

(2) Reduce the Need for Design Dictated Maintenance Activities. 
(a) Incorporation of corrosion prevention/control tech

niques. 
(b) Use of components requ i ri ng mi nima 1 preventive rna i n

tenance and calibration. 
(3) Reduce Maintenance Downtime 

(a) Provision of test points for positive fault detection 
and i so 1 at i on. 

(b) Provision of features to permit positive verification 
of repairs. 

(c) Modu 1 arity to permit easy removal and rep 1 acement of 
fa il ed items. 

(d) Provision of features for system inspection and 
lubrication. 

(4) Reduce Possibilties for Maintenance Errors 
(a) Design to eliminate the possibility of incorrect 

• 

connection, assembly, or installation, e.g., elec- • 
trical leads that could be reversed, fittings that 
could be attached to the wrong connection. 

(b) Design to reduce awkward or tedious job elements. 
(c) Design to reduce ambiguity in maintenance procedures 

and data. 
(5) Limit Maintenance Skill Requirements 

(a) Clearly identify parts, test points, etc. 
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(b) Incorporate easy handling and transportability 
features (e.g., handles, weight). 

(c) Minimize requirements for soldering. 
(6) Reduce Maintenance Hazards 

(a) Eliminate sharp edges. 
(b) Eliminate blind spots. 
(c) Reduce use of hazardous materials (fluids). 
(d) Eliminate exposed electrical contacts • 
(e) Clearly identify areas of high voltages and tempera

tures. 
(7) Consider Effects of Climatic Extremes 

(a) Eliminate requirements for extreme dexterity (unpro
tected hands) in cold environments. 

The check list above provides an initial indication of 
rna i nta i nabil ity issues to be cogni zant of duri ng PV-T system des i gn. 
More extended treatments of these issues and potential design techniques 
to address the issues can be found in: The Army Material Command 
Pamphlet, "Maintainabil ity Guide for Design", AMCP 706-134; The Air Force 
Systems Command Des i gn Manual "Ma i nta i nabil ity"; the text Ma i nta i nabil i ty 
Principles and Practices by B. S. Blanchard and E. E. Lowery; or the text 
Applied Maintainability by D. Cunningham and W. Cox. 

c. Quantitative Maintainability 
Quantitative factors tend to focus on people and 

procedures. For example, the second largest cause of control problems is 
inadequate sensor calibration. This problem arises because of the rela
tively small temperature differences that have to be detected for precise 
control. Un 1 ess sensors are properly cali brated, appropri ate control 
decisions cannot be made. Similarly, a common deficiency in heat trans
port subsystems is fl ui d loss through improper interconnect i on of tubes 
and pipes. The consequences include leaking fluid damage to adjoining 
materials, destruction of insulation, and dissipation of collected 
energy. 
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Prediction of maintainability parameters are a useful aid in 

the des i gn of PV-T systems. These pred i ct ions may be used to i dent ify 

system components that cause excessive downtime due to difficult, time 

consumi ng, or frequent repair act ions. Th is downt i me wi 11 adverse 1 y 

affect system availability, and consequently system performance, and will 

also result in increased system life cycle costs. The quantitative main-

ta i nabil i ty measures of primary importance are mean- t ime- to-repa i r 

• 

(MTTR), mean-manhours-to-repair (MMTR). and mean-time-between-preventive- ... 

maintenance (MTBPM). 

(1) Mean-Time-To-Repair (MTTR) 

MTTR is defined as the mean elapsed time (in hours) to 

restore the system or component to an operable condition. This measure 

includes the times to locate the faulty item. remove and replace that 

item. and to verify system operat i on. For this discussion, MTTR will 

refer to only the direct on-equipment repair hours. Excluded from this 

measure are hours expended in repair of the failed item at a vendor or in 

a shop facil i ty. If the maintenance concept call s for rep 1 acement of • 

failed items such as a pump or valve with a serviceable unit from an on-

site supply system. MTTR will be relatively short. Alternatively. if the 

maintenance concept calls for repair of the component (e.g •• pump) on the 

equipment (e.g •• replacement of seals. bearings. etc.). MTTR will tend to 

be long. The system maintenance concept is, therefore. an important 

issue to be addressed duri ng des i gn studi es, as both system cost and 

availability can be significantly effected. 

The MTTR measure is determinec only for critical fai-lures 

(those resulting in downtime during periods of useable insolation). MTTR • 

is calculated at the same level as the individual blocks of the critical 

hardware reliability block diagram, with additional estimates for preven-

tive maintenance/actions that must be performed during periods of other-

wise useful insolation. MTTR is the appropriate measure for input to 

hardware availability analyses as discussed later in this chapter. It 

includes only the direct hours for restoration and excludes time spent in 

travel. time spent awaiting a spare component. or time spent waiting for 

a piece of test equipment. • 
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MTTR is a function of the system architecture and location 

of the components. Appendix A provides estimates of MTTR for typical 

components in PV-T systems. These data assume that the components are 

readily accessible for remove/replace actions, that skilled personnel 

perform the repair, and that troubleshooting requirements are minimal. 

As a consequence, that data should be regarded as initial guidel ines to 

be supplemented with better data as the design matures. Further infor

mation on techniques for estimating MTTR can be found in MIL-HDBK-472, 

"Maintainabi 1 ity Prediction." Four separate estimating techniques are 

described in that source. These techniques are applicable at different 

points in the design process depending on the level of detail available. 

If the MIL HDBK is not readily available, the data in Appendix A may be 

used as a basis for estimating by analogy, supplemented with engineering 

judgment and familiarity with the system design. 

(2) Mean-Manhours-To-Repair (MMTR) 

MMTR is the second quantitative maintainabil ity parameter 

of interest. This includes the crew size required for each repair, as 

well as the elapsed time. As with MTTR, MMTR is based on direct manhours 

and excludes time for travel, or awaiting spares. MMTR is calculated for 

all maintenance actions (not just those critical failures/actions) and is 

the appropriate measure for input to life cycle cost analyses. Estimates 

of MMTR are generated for each block in the log i st i cs re 1 i abil ity block 

diagram, and for any prevent i ve maintenance event not inc 1 uded in the 

reliability analysis (e.g., washing the array, lubrication of mechanical 

elements, inspection of hoses, etc.). MMTR is also a very strong 

funct i on of the system maintenance concept. I n fact, the maintenance 

concept has a stronger influence on MMTR than the usual design features 

that promote easy access, qu i ck disconnects, or rapi d verif i cat i on of 

system operation. Appendix A provides MMTR values for typical PV-T 

components for use in initial design analyses. These data should be 

revised as a system design matures. 

(3) Mean-Time-Between-Preventive-Maintenance (MTBPM) 

MTBPM measures the i nterva 1 of time (i n elapsed hours or 

days) between preventive maintenance actions. Figure V -4 presents MTBPM 
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• Daily 
.. Before Operation/Daily 

Electrical 
Thermal 
Mechanical 
Other 

- Fuses/Breakers Operation 
- Coolant Present/Levels 
- Lubrication 
- Visual Inspection 
- Hydraulic/Pneumatic System 
- Flexible Hoses 

.. During Operation - No Leakage - Tracking - Proper 
Temperatures 

•• After Operation - Proper Stowage - No Leakage of Coolant, 
Hydraulic Fluid, Oil/Grease 

• Weekly 
Test for Automatic Stow 
Lubrication 

• Monthly 
•• Cleaning of Reflection/Receiver Surfaces (may be more 

often depending on local conditions such as recent wind or 
precipitation, and local pollution. Also would depend on 
nearby surface such as dusty ground, array placement or 
ins ta 11 at i on on a tar covered roof th at may outg as and 
condense on collector surfaces while in the stowed 
position). 

•• Concentration of Ethylene Glycol-Water Mixture 

• Semi-Annual 
•• General Clean Up of Nearby Area 
•• Visual Check of Ground Connections for Corrosion Evidence 

• Annual 
•• Ground Connection Electrical continuity Test 

• Beyond 
•• Every 2 Years - Replacement of Ethylene Glycol Heat 

Transfer Fluid 

BDM/ A·82·458· TR·R 1 

Figure V-4. Preventive Maintenance Intervals 
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data that is representative of current PV system operations. The 
estimates of MTBPM are combined with projected values of MMTR for the 
corresponding action for input to 1 ife cycle cost analyses and assess
ments of manpower requirements. 

4. Availability 
Availability is defined as the probability that at any point in 

time the system is operating satisfactorily or is ready to be placed in 
operation on demand under stated conditions. 

In this report the terms "availability" and "operational readi
ness" are assumed to be equ i va 1 ent. The measure of avail ab i 1 ity may be 

stated in terms of inherent availability or operational availability. 
Inherent availability results from including only the elapsed time to 

restore the system in the estimate of downtime. This measure excludes 
the effects of travel delays, lack of spare parts, and start-up time. As 
a consequence, inherent avail abil ity overstates true system avail ab i 1 ity 
to a considerable extent and is therefore not a useful measure for trade
off studies that include estimates of the cost of downtime. Operational 

availability (which includes logistic delays) is a more reasonable 
measure for use in design studies that incorporate a dollar cost penalty 
for downtime. Operational availability will be the parameter of interest 
in the remainder of this chapter. 

Availability is an aggregated measure that combines reliability 
and maintainability with logistics supportability and administrative 

factors. This is most readily seen from the mathematical expression for 
operational availability, Ao: 

MTBCF (Eq. V-4) 
MTBCF + (MDT) (R) 

MTBCF is defined as the mean-time-between critical failure and is equal 

to l/Ac' where AC is the critical failure rate. 
MDT is defined to be equal to the sum of MTTR and any delays 

associated with travel, awaiting parts, tools, etc., and bringing the 
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system back on-1 i ne after repa i r has been accomp 1 i shed. R is equa 1 to 
the ratio of the time during which the solar source is available to total 
time. It accounts for darkness, etc., when maintenance can be performed 
without affecting system output. This is a first order approximation and 
OR!. The value 1 ies between .3 and .6 depending upon geographic 

location, and similar factors, and represents a long-term average value. 
Availability is a function of critical hardware failures only, 

... 

and, therefore, excludes the impact of failures for which maintenance may ... 
be deferred. The MTTR portion of mean downtime is estimated for critical 
failures only. The other contributors to MDT (e.g., travel delays) are a 
funct i on of the 1 ocat i on of the system, the maintenance concept (e. g. , 
vendor repair versus on-site repair crews, repair-in place versus 

remove/replace of failed items, etc.), and a number of related concerns. 
The procedure for determining availability is similar to that 

used in reliability predictions. The first step is to construct an 
availability block diagram for the system. This diagram is the direct 

analog of the system reliability diagram, which can often be used with no ... 
modification. The guidelines described for the reliability diagram are 
applicable for the availability diagram (level of detail, same duty cycle 
for all items in a given block, etc.). The next step is the formulation 

of the system avail abil i ty funct i on that expressed the effect of system 
level availability due to components availabilities. For a system of n 
components in series, the formula becomes: 

n (Eq. V-5) A if A. ... i =1 
1 

where: 

MTBCF. CEq. V-6) A. 1 

1 MTBCF. + (R) MDT. 
1 1 

... 
V-22 
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is the avail abil ity of component i. For n items ina para 11 e 1 arrange

ment, so that all items must be simultaneously unavailable for the system 

to be unavailable, the formula is: 

n 
A = 1 - 1T 

i=1 
(I-A. ) 

1 

(Eq. V-7) 

where Ai is as before. These re 1 at i onsh i ps assume independence between 

system component availabilities, which is reasonable in most applica

tions. In cases where there are common cause failures between components 

a more compl icated approach would be required, based on Markov chain 

models or fault tree analysis (ref. v-t, V-3). 

The next step in the availability projection is to estimate the 

component availabilities from equation V-6. The values for MTBCF
i 

and 

MDTi are based on the reliability and maintainability assessments discus-

sed earl i er in th is chapter. The rna i nta i nabil ity parameter, MTTRi' 

estimates must be supplemented with delay estimates to arrive at MDT .• 
1 

The primary delay times are travel times for repair crews, and the time 

to bring the system to operating status after repair. Engineering 

ana lyses and est imates are the primary means for generat i ng these de 1 ay 

times. 

The component availabilities are finally combined through the 

system availability function to produce the system level availability 

estimate. 

D. RAM TRADE-OFF ANALYSIS 

To illustrate the manner in which RAM considerations enter the PV-T 

design process, an example trade-off analysis is described. This trade 

study examines the payoffs and costs associ ated with adding a redundant 

pump to a heat transport system. For the sake of illustration, a number 

of simplifications will be made. The costs will include only the incre

mental outlays associated with addition of the pump. The pump system 
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wi 11 be assumed to operite 24 hours per day, . and both pumps in the 
redundant configuration will be operated simultaneously. If one pump 
fails, the other is assumed capable of immediately maintaining system 
requirements. It will be further assumed that the failure rate for each 
pump is the same for both normal and stressed operation. The question to 
be addressed is whether the redundant pump improves avail abil ity (and 
therefore tot a 1 output) to a suffi ci ent extent to compensate for the 
added costs to the system. 

A system lifetime of 20 years will be assumed. Taxes wi 11 be 
assumed to be zero and the analysis will consider undiscounted costs 
only. Inflation will be assumed to be zero. The maintenance concept 
will assume an on-site repair/sparing capability to minimize system 
downtime. 
Pump System Data: 
Installed unit cost = $1000 

Cost per repair action = $400 (includes shop repair of failed components, 
and both labor and materials costs) 

MTTR = 2 hours (Appendix A) 
MDT = 10 hours (=MTTR plus start-up, travel, and delays) 
System availability (excluding the pump(s» = .95 
Pump failure rate = 150 failures per million hours 

= 6667 hour MTBCF = MTBM (Appendix A) 
Yearly operations cost for pump = $100 (utilities, inspection, lubrica
tion, etc.). Utilities are a function of use rates, pump horsepower, and 
pump efficiency that must be estimated for the system. 

• 

• 

• 

R = 1.0 (no free time for repair of a pump) ... 
The first step is to calculate the improvement in availability for 

the redundant pump system. 

MTBCF 
Single pump system availability = .95 x MTBCF + (R)(MDT) 

6667 = (.95) 6667 + 10 = (.95)(.9985) = .9486 
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Redundant pump system availability: 

(.95)(1 - (1 - A1)(1 - A2» = (.95)(1 - (1 - .9985)(1 - .9985» 

= .95(1 - (.0015)(.0015» .95(1) = .95 

The improvement in availability is .95 - .9586 = .0014 

.0014 x 8760 hours/year = 12 hours/year or 
240 hours in the system lifetime. 

(Eq. V-9) 

(Eq. V-lO) 

The second step requires the estimation of the added costs for the 
redundant pump over the system life. This cost is the sum of the 
installed cost, the total unscheduled maintenance costs, uti 1 ities, and 
scheduled maintenance costs. 

Installed cost = $1000 

_ 20 years x 8760 hours per year 
Unscheduled Maintenance Costs - 6667 hours between maintenance 

x $400/action = $10,500 

Utilities/Scheduled Maintenance = 20 years x $100/year $2000 
Total cost is thus $1000 + $10,500 + $2000 = $13,500 

Thus, it is seen that the addition of a redundant pump will improve 
availability by 240 hours over the system life for a cost of $13,500. 
The redundant pump is beneficial if the cost per lost hour is greater 

than approximately $56 (= 1~~~) 

The cost per lost hour is a function of the product or output of the 
PV-T system, or rather, the process it is designed to support. This cost 
wi 11 be different for each PV-T system and will depend on the pri ce of 
alternate energy sources prevailing at the location in question. 
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APPENDIX A 

This appendix contains reliability and maintainability data for use 

in initial system design studies. The data are presented in tabu 1 ar 

form, and arranged in terms of generic PV-T subsystems such as system 

control, thermal storage, etc. Because of the considerable variation in 

PV-T des i gns the data correspond to an equ i pment 1 eve 1 and, in certain 

cases, an even finer level of detail. This approach is intended to 

increase the utility of the data, since the subsystem level is too 

aggregated to be sensitive to design alternatives. 

Fai lure rate data are summarized in terms of fai lures per mi 11 ion 

hours for both operat i ng and non-operat i ng cond i t ions. These data have 

been taken from a variety of sources (listed at the end of this section) 

and adjusted to preserve cons i stency. The data refl ect an ope rat i ana 1 

envi ronment typi ca 1 of the southwestern United States. The data a 1 so 

assume the equ i pment have been fabri cated accord i ng to good commerc i a 1 

quality. These data include both catastrophic and out-of-tolerance 

failures as discussed in section C. Modifications to the data would be 

necessary to refl ect more extreme envi ronmenta 1 cond i t ions (e. g. arct i c) 

or use of military specification parts. Electronics parts data assumes a 

.5 stress ratio and ambient temperatures of 250 C. 

The maintainability data (MTTR) represent elapsed time (in hours) to 

perform on-equipment repair tasks only. The data exclude travel times, 

and time awaiting tools, spares, or system start-up. These factors are 

typically very significant and highly site-specific. The data assume 

that the components are readily accessible, and that maintenance is 

performed by ski lled personnel. MMTR estimates include both on and off

equipment repair manhours, but do not include travel times, and delays. 

The reliability data include only the times between unscheduled 

tasks. Prevent i ve maintenance frequency data are exhi bi ted in 

figure V-4. 

Notes are prov; ded in the 1 ast co 1 umn when the data are var; ab 1 e 

(between sources), or when special caveats appear warranted. In certain 
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cases the distinction between operating and non-operating failure could 
not be accomplished. In these cases, the data are presented in terms of 
clock hours, and assume a nominal operating cycle. 

Fai lUre modes refer to the primary mode(s) by which an item may 
fail. Failure effects are highly design specific. Consequently, less 
data can be provided in a generic description. The effects outlined in 
the table assume that the component is in a serial architecture. The 
effect ~escribes the resultant impact on system performance. For initial 
assessments it is often assumed that the failure of an item (at any level 
of indenture) results in system failure. 

This assumption results in an understatement of reliability (or 
availability), but may be useful in early design analysis. As the design 
matures, the actual arch itecture of the system shou 1 d be incorporated 
into the assessment. 
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Sources of reliability data included: 

1. Handbook of Electronic Systems Design, Charles Harper (ed). McGraw

Hill. 
2. Mechanical Design and Systems Handbook, H. Rathbart (ed). McGraw

Hi 11 . 
3. Computer System Reliability, Ray Longbettom, John wiley and Sons • 
4. Factors, Formulas and Structures for Life Cycle Costing, M.E. 

Earles. Eddins-Earles. 
5. Development of Reliability-Economics Assessment Models for Photo

voltaic Power Systems, Vol. I, II (Draft), L.E. Stember, et.al. 
6. Missile Materiel Reliability Prediction Handbooks, Parts Current 

Prediction, D.F. Malik, et al., AD-A026-104 
7. Dormant Operating and Storage Effects on Electronic Equipment and 

Part Reliability, D. F. Cottrell, et al. 
8. Effects of Dormancy on Nonelectronic Components and Materials, D.F. 

Cottrell, et al. 
9. Handbook of Electronic Systems Design, Charles Harper, (ed.), 

McGraw-Hill. 
10. Mechanical Design and Systems Handbook, Harold Rothbart, McGraw

Hill, 1964. 
11. Computer System Reliability, Ray Longbottom, John Wiley and Sons, 

1980. 
12. Factors, Formulas, and Structures for Life Cycle costing, Mary Eddis 

Earles, Eddis-Earles Publishing, 1981 . 
13. Stember, Lawrence E. et. al., "Development of Reliability-Economics 

Assessment Models for Photovoltaic Power Systems," Vol. I, Vol. II 
(Draft), Battelle Columbus Laboratories, 1982. 

14. "Missile Materiel Reliability Prediction Handbook," U.S. Army 
MIRADCOM, Redstone Arsenal, AL, Report LC-78-1, February 1978. 

15. Cottrell, D.F., "Dormant Operating and Storage Effects on Electronic 
Equipment and Part Reliability" Martin-Marietta, Orlando, Florida, 
Tech. Report No. RAUC-TR-67-307, July 1967 . 
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16. "Effects of Dormancy of Non-electronic Components and Materials," 
Martin-Marietta Aerospace, RADC-TR-74-269, Rome Air Development 
Center, 1974. 

Sources of maintainability data included: 

1. Factors, Formulas, and Structures for Life Cycle Costing, M.E. 
Earles. 

2. Military Handbook 472. Maintainability Prediction. 
3. BDM Corporate files. 
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• FAILURE RATE 
'op/~no in 

FAILURE FAILURE FAILURES PER MTTR/IflfR 
ITEM NAME MODE EfFECT 106 HOURS IN HOURS NOTES 

1.0 System Control 
Digital Interface no control or .5/.017 1/4 Assumes Controlled 

incorrect control EnviroMlent 
Real Time Clock no control or .3/.01 1/4 

incorrect control 
Relay Multiplexer no control or .2/.007 1/4 

incorrect control 
Processor Many no control or 50/1.67 1/6 Based on HP 85 

incorrect control 
Storage (di sc) Many no control or 120/4.0 1/6 floppy disc system 

incorrect control asslI1Ied 
CRT Many 15/.3 1/4 • Printer Many 54/1. B 1/6 

Plotter Many 20/.67 1/6 

A/D Converter Many no control or .02/.0007 1/4 Components in the data 
incorrect control acquisition system 

Vol tmeter Many no control or .5/.01 1/4 Components in the data 
incorrect control acquisition system 

Counter no control or .6/.02 1/4 Components in the data 
incorrect control acquisition system 

Thermocoup Ie no control or 6.2/1. 2 1/3 Components in the data 
incorrect control acquisition system 

Relay Contact no control or .17/.03 1/3 Components in the data 
fail ure open incorrect control acquiSition system 
coil 

Position Sensor no control or .1/.01 1/3 Components in the data 
incorrect control acquisition system 

*Pyrometer no control or 124/41 1/4 Components in the data 
incorrect control acquisition system 

*Current Source no control or .2/.003 1/4 Components in the data • incorrect control acquisition system 
*Voltage Source no control or .2/.003 1/4 Components in the data 

incorrect control acquisition system 

2.0 Thermal Storage 
Storage TanK Leaks 1.5/.10 2/5 

Heat Exchanger Leak, systems 150/1. 5 2/5 

Hose Materi a 1 20/2 .5/.5 
deterioration 

fitting fail-
ure corrOSion, 
systems 

Pump (electric) Mechanical 150/3 2/5 
failure 

Valve Valve seat 
General Detrioration 6.6/.017 1/4 • Check Poppets sticking 3/.06 1/4 

open or closed 
Shut-off 14.2/.28 1/4 
Solenoid Leaks 2.4/.05 1/4 
Hydraul ic 2.3/.05 1/4 
Insulation Degradation .5/.01 3/6 MMTR assumes discard of 

degraded materials 

3.0 Receiver Tube 
3.01 Tube Corrosion, 20/1 1/2 

rupture, deteri-
oration 

3.02 Flexhose Deterioration, 40/2 .5/2 
wear, mechanical 
failure 

3.03 Thermal 20/.01 1/2 
Exp. Bellows 

• 
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ITEM NAME 
FAILURE 
MODE 

FAILURE 
EFFECT 

---_._--------------------------
4.0 Power Conversion 

4.01 Wiring/ Break:, 
switching 
(each assembly) 

corrosion 

4.02 Inverter Fai lure, 
degrade 

4.021 Thyristor Open 

4.022 Inductor Open, 
short 

4.023 Capacitor Open. 

(fixed film) 
degrade 
Short 
circuit 

4.024 Fuse Open 

4.025 Diode Short. open 
intermittent 

4.026 Resistor 

(fixed composition) 
Change of value, 
open 

4.027 Pulse Width degrade, failure 
Modu lator 

4.028 Power Transistor Open terminals, 
Co llector/lease 
leakage 

3 Pin Regulator Degrade, failure 

Power Supp ly Degrade, fai lure 

IC, Multiplier Failure 

IC, Comparator Failure 

IC, Digital Gate Failure 

Signal Transistor Open Terminals 
High Collector/ 
Lease Leakage 
Current 

5.0 Distribution 
System 

Power Switch 

Fuse Open 

Circuit Breaker Mechanical Failure 
of Tripping Device, 
Open 
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F AI LURE RATE 
~op/~no in 
FAILURES PER 
106 HOURS 

114 

.35/.01 

.02/.0007 

.01/.0003 

.1/.003 

.35/.01 

.13/.004 

.3/.001 

.6/.002 

.1/.003 

.02/.0007 

.1/.003 

.1/.003 

.1/.003 

.6/.002 

.1/.003 

.7/.023 

2.1/.07 

1.3/.01 

HTTR/MMTR 
IN HOURS 

2/5 

2/2 

2/2 

2/2 
2/2 

2/2 

2/2 

2/2 

2/2 

2/2 

2/2 

2/2 

2/2 

2/2 

2/2 

2/2 
2/2 
2/2 

111 

1/2 

1/2 

112 

• NOTES 

AOP - based on clock 
hours from refer-
ence 5 of reliability 
sources 

~op - based on clock 
hours from refer-
ence 5 

Component data are given 
for build up of an 
inverter • Failure rate due to 
uncertainty of present 
data 

Maintenance concept 
assumes discard of 
components upon 
failure 

Resistor failure rates 
are highly variable 
depending on type and 
quality, and environment 

MMTR assumes discard of 
failed item, so manhours 
refer to remove/replace • only 

HHTR assumes discard of 
failed item, so manhours 
refer to remove/replace 
only 

MMTR assumes discard of 
failed item, so manhours 
refer to remove/replace 
only 

HHTR assumes discard of 
failed item, so manhours 
refer to remove/replace 
only 

HHTR .ssumes discard of 
failed item, so manhours 
refer to remove/replace 
only 

HHTR assumes discard of 
failed item, so manhours • refer to remove/replace 
only 

MMTR assumes discard of 
failed item, so manhours 
refer to remove/replace 
only 

MMTR data assumes removel 
replace of item, and 
discard of failed unit 
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ITEM NAME 

6.0 Array 

Cell 

Zener Diode 

Silicon Diode 

Thyristor 

7.0 Heat Transport 

fan 

Valves (see 
Thermal Storage) 

Heat Exchanger 
(see Thermal 
Storage) 

Fittings 

Piping 

Seals 

B.O Concentrator 

Lens 

Tracking Unit 

Servo actuator 

Motor (electric) 

Structure 
(section) 

Actuator 
(hydraulic) 

9.0 Miscellaneous 

Temp Sensor 

Gears 

Counterweight 
(small) 

Brackets 

Regu lator 

General Item 
(each) 

fAILURE 
MODE 

FAI LURE 
EfFECT 

FAILURE RATE 
Aop/MlO in 
FAI LURES PER 
106 HOURS 

MTTR/MMTR 
IN HOURS NOTES 

-------------------------------------

Degrade, Fail Degradation of 
output 

Short Circuit. 
Open Circuit. 
Intermittent 
Short Circuit. 
Open Circuit. 
Intermittent 

Leak. Rupture 

Mechanica 1 
Failure, Leaks 
CorrOSion, Rupture 

Material Deter
ioration 

Poor Tracking. 
No Tracking 

Winding Failure. 
Bearing Failure 
failure 

Failure 
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.1/.003 

2/.006 

2/.006 

.4/.013 

2/.006 

1/.002 

0.4/.02 

7/.014 

17 

17 

20/.4 
2/.04 
-3/.06 

1/1 

50/1 

33/1.1 

12/ .0024 

.1/.01 

.1/.005 

21/.41 

_/05 

1/1 

1/1 

1/1 

1/1 

2/4 

1/2 

1/2 

1/2 

1/3 

2/6 

1/4 
1/4 

1/2 

1/4 

1/3 

2/4 

1/2 

1/2 

1/2 

1/2 

Degradation of output 
assumes use of 
blocking divider to 
prevent reverse bias 

MMTR is based on 
discard of failed 
items 

,op based on 
clock hours from 
ref 5 of reI ia-
bil ity sources 

,op based on 
clock hours from 
ref 5 of rel1&-
bi lity sources 
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CHAPTER VI 
STRUCTURES AND FOUNDATIONS TO SUPPORT PHOTOVOLTAIC-THERMAL (PV-T) 

SINGLE AND TWO-AXIS TRACKING SYSTEMS 

A. INTRODUCTION 

PV-T systems are available in several different configurations, 

three of which are shown in figures VI-l, 2 and 3. The linear parabolic 
trough (figure VI-l) is part of a single axis tracking system which has 
been installed at ground level and on rooftops at various sites. The 
linear parabolic troughs (LPT) in use on the roof of the BDM building in 
Albuquerque, New Mexico, were produced by SKI Systems and have a 2.13 m 

(7-foot) aperture and are 6.1 m (20-ft) in length. The Accurex troughs 
installed at the Wilcox Hospital in Hawaii are 1.83 x 3.05 m (6 x 10-ft). 
Both companies are considering a variety of sites. Figure VI-2 shows the 
two-axis tracking linear focus Fresnel (LFF) system developed by 
E-Systems of Dallas-Fort Worth, Texas. One of their systems will soon be 
installed in a test field at Sandia National Laboratories (SNL) in 
Albuquerque, New Mexico. The Martin-Marietta two-axis tracking system, 
which uses point focus Fresnel (PFF) lens, is shown in figure VI-3. One 

of Martin-Marietta's PV-T configurations (first generation) is installed 
in a test field at SNL. All of these systems (i .e., the LPT, the LFF, 
and the PFF), whether single or two-axis tracking, typically require a 
large number of supporting pylons, and either foundation or roof support 
elements of simple repetitive configurations. A significant part, 

approximately 10 percent, of the cost of any PV-T installation goes into 
these pylons and roof supports or foundations (ref. VI-4). 

The LPT, the LFF, and the PFF systems are all subjected to gravity 
(dead loads), wind, and potentially earthquake, snow, rain, hail, and ice 
loads, which must all be evaluated to assure the adequate design of 

structural supports. Usually the loading cases controlling design are 
combinations involving wind and dead loads (ref. VI-5). Primary emphasis 
in this discussion will be on the determination of wind loads by use of 
applicable theory and the results of wind tunnel tests. 

VI-l 
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Figure VI-l. 
Linear Parabolic Trough COllectors 
(from Reed, Reference VI-l) 

VI-2 

DRIVE PYLON 
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Porosity Achieved by Staggering 
Module for 100% Aperture Area 

13% Additional Aperture Area for Same Size Array 

• • 
Figure VI-3. Martin Marietta Second Generation Array 

(from Broadbent, Reference VI-3) 

e • 

BDM/A-82-458-TR-Rl 

• 

-f 
I 
m 
OJ 
o 
S 
n 
o 
:IJ 
-u 
o 
:IJ » 
-f 

o 
Z 



• 

• 

• 

• 

• 

THE BDM CORPORATION 

The earthquake, snow, rain, hail, and ice loads must be considered 

also, but they will usually be less significant in design than wind and 

gravity loadings. In such designs, the relevant provisions of local and 

national codes must be considered (e.g., ANSI A58.1-1972, ref. VI-6 and 

its upcoming revision (1982), ref. VI-7). When applied, these codes 

should take into account applicable wind tunnel data and avoid unneces

sary conservatism which can lead to overdesign and unwarranted cost 

pena lti es. 

Wind loadings must be accounted for and funds budgeted for the 

foundations and structures required to supply the needed strength, stiff

ness, and rel iabi 1 ity for system performance. Structural and foundation 

requirements must enter into solar energy system requirements determina

tion at the beginning of concept definition if a technically and economi

cally viable PV-T design is to be assured. Definition of structural and 

foundation requirements calls for expertise in a number of disciplines 

such as aerodynami cs, structural mechani cs and structural dynami cs, and 

geotechni ca 1 engi neeri ng. The experi enced project manager wi 11 seek the 

required expertise from these disciplines to reach a balanced approach to 

PV-T systems design. 

B. ISSUES ASSOCIATED WITH STRUCTURES AND FOUNDATIONS FOR PV-T SYSTEMS 

As was previously mentioned, a PV-T system may be mounted either on 

the ground or on the roof of a structure. The i ndu s try has had experi-

ence with both types of mountings. 

Figure VI-4 illustrates the method of determining whether to use a 

ground-mounted or a roof-mounted system. Early in concept definition 

(see the left block of figure VI-4), the decision wi 11 be made as to 

which of the systems illustrated in figures VI-l, 2, and 3 will be used. 

If the system illustrated in figure VI-3 (i.e., the PFF) is used, it 

would probably be advisable to place the system on the ground because the 

relatively high base bending moments will require considerable stiffness 

and strong roof structure. The systems in figures VI-l and VI-2 (i.e., 

VI-5 
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LPT 

LFF 

PFF 
FROM STANDPOINT OF STRUCTURES 
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• OBTAIN SOIL INVESTIGATlO~ 
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• AVOID CORROSION 

• AVOID EROSION • CONTROL QUALITY 
CONTROL COSTS 

• ACTUAL AND ASSUMED 
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CONSTRUCTION 

• RETROFIT 
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DISRUPTIVE SCHEDULE 
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• NEW STRUCTURE 
- WIND FORCES ADEQUATELY 

ACCOUNTED FOR 
- DETAILED DESIGN AND 

STRUCTURAL ANALYSIS' 
AND CONSISTENT STR,UCTURE 

- ADEQUATE CONNECTIONS 

• INSPECTION 

-

OPERATION AND MAINTENANCE 
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• MAINTAIN CLEAR CONNECTIONS 
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• NOTE EVIDENCE FOR FATIGUE 
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FLOW CHART - DESIGN OF STRUCTURES AND FOUNDATION FOR PV-T SYSTEM 

Figure VI-4. Design of Structures and 
Foundation for PV-T System 
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the LPT and the LFF) cou 1 d be more eas ily adapted to either roof or 

ground mounting because of the lower magnitudes of concentrated base 

bendi ng moments carri ed by the roof structure. Tradeoff studi es wi 11 

supply the data to determine where to mount a specific installation. 

Considerations involved (figure VI-4) include: 

o Type of system (LPT, LFF, or PFF). 

o 

o 

o 

Requi red space for the array, compared to avail ab 1 e roof space 

and vacant land. 

Soil conditions and roof conditions, current or projected. 

Relative costs of building retrofit, land use, and foundation 

costs. 

o Roof-top wind loads versus wind loads at ground level and 

effects of wind fences or berms and other shielding. 

o Aesthetics. 

The upper (ground-mounted) path of figure VI-4 carries the ground-mounted 

installation through the design, construction, and operation and main-

• tenance phase. The lower path of that figure illustrates the parallel 

approach to the design, construction, and operation and maintenance of a 

roof-mounted system. 

• 

• 

1. Roof Mountings 

Such mountings may be on new structures or retrofit to old 

structures. As the PV-T systems become more extens i ve and requ i re a 

greater surface area for installation, the trend is toward ground-mounted 

systems. 

Several examples of roof mountings of various types (not just 

PV-T) can be cited. (Randall, SNL, personal communication, March 29, 

1982): 

o Campbell Soup Plant in Sacramento, Cal ifornia.. Some problems 

with roof leakage and some cost growth noted (hybrid flat plate 

and parabolic trough installation). 

o Gilroy Foods, Gilroy, California, onion drying plant product 

storage bu il ding. Roof requ ired addit i ona 1 rei nforci ng after 

initial completion (evacuated tube with V-shape back surface). 

VI-9 
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o Lumber drying kiln in Mississippi--roof reinforced for flat 
plate array. 

o West Point Pepperill Textile Plant. Old building ready for 
re-roofing. Parabolic trough collector array for steam genera
tion mounted on roof concurrent with re-roofing. Roof leakage 
prob 1 ems after comp 1 eti on pers i sted and caused concern. System 
finally removed for various reasons. 

o 

o 

York Building Products--Harrisburg, Pennsylvania. Roof 
designed with collector array in mind. Good performance. 
Lone Star Brewery. A solar array of 930 m2 (10,000 ft2) was 
placed on a warehouse roof after the roof truss work was 
strengthened. The installation furnishes 1 MPa (150 psi) steam. 
No significant problems have been encountered. 

o Ore-ida Foods, Ontario, Oregon. The initial design called for 
placement of a 930 m2 (10,000 ft2) parabolic trough installa-
tion on a roof. Further investigation before construction 
revealed that roof vent fans were a source of vapors containing 
grease which would foul the reflective trough surfaces. The 
installation was, therefore, changed to ground mounting. 
Installation on an existing or to-be-constructed building 

requ i res the speci a 1 care and attent i on to detail illustrated in fi gure 
IV-4. As-built drawings must be carefully reviewed for accuracy. Check 
the condition of the existing roof structure carefully. This can be a 
difficult task because structural members are often well concealed. 
Detailed analysis will be required to ascertain the load carrying 
capacity of the old structure and the loading to be put on that structure 
by a proposed PV-T array. Wind loading on the PV-T array must be trans
ferred into a structure which has adequate strength, stiffness, and 
fatigue resistance. Roof reinforcements and assurance of a leak-proof 
final product are nontrivial tasks facing the retrofit project manager. 
Each retrofit is a different challenge. Some new buildings supposedly 
designed for mounting of PV-T arrays may prove, in fact, to be retrofits 
if the PV-T array wind loadings have not been adequately taken into 

VI-10 
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• account (e.g., the new BOM building PV-T linear parabolic trough array in 

Albuquerque, New Mexico required additional steel to take the wind

induced support pylon moments which were calculated to be beyond the 

capability of precast concrete T-beams which support the roof). As is 

shown for ground mounted systems, the moments and hori zonta 1 forces at 

the base of a support pylon can be substantial, and must be taken into 

account along with the vertical forces. The loads on a roof structure 

... will be somewhat different than those identified for ground-mounted 

systems and appropriate calculations must be made for each case 

encountered. 

2. Ground Mountings 

Fi gure V 1-5 portrays in four categori es the issues re 1 ated to 

structures and foundations for ground-mounted PV-T systems. 

Soils and geotechnical engineering issues comprise the first 

category on the left in figure VI-5. Soils are highly variable from site 

to site and frequently within a site. Material property variations can 

• occur laterally, with respect to depth, and with time. One of the 

recent 1 y constructed so 1 ar arrays was placed on an expans i ve clay soi 1 . 

Such clays display a seasonal cycle of swelling and shrinkage which would 

prove damaging for an array. Each site selected requires an appropriate 

soil survey with borings to ascertain soil properties. The expansive 

clays were encountered at the Johnson and Johnson Plant in Sherman, Texas 

where a 10,000 square foot parabolic trough installation serves a 150 psi 

steam generation plant. The solution to the foundation problem was to 

• 

• 

employ grade beams for the foundations at a higher cost than conventional 

piers. If conventional piers had been used, severe maintenance problems 

might have developed. 

At many sites soil properties noted may fall into one of the 

categories in figure VI-6, where soils are rated as good, average, or 

poor, depending on results of standard penetration tests, allowable 

bearing pressures, and pullout tests. Figure VI-6 presents just one of 

several available attempts to categorize soils. Each of these categori

zations has some range of benefit, but should not lull the project 

VI-ll 
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SOILS - RELATED ISSUES 

GROUND-MOUNTED SYSTEM 

• SOIL TYPES AND VARIABILITY 
LATERALLY AND WITH DEPTH 

• VARIABILITY OF SOILS WITH 
RESPECT TO TIME 
- SEASONAL-FREEZE, THAW, 

WATER SWELLING 
- MAN-MADE VARIATIONS (E.G., 

DEWATERING AND NEARBY 
LATER CONSTRUCTION) 

• EXTENT OF SOIL INVESTIGATION 
REQUIRED 

• CONSIDERATIONS WITH RESPECT 
TO "GENERAL" SOIL TYPES 
- BEWARE OF SUBJECTIVE/UNOFFICIAL 

DETERMINATIONS OF SOIL TYPES 
- SAND AND GRAVEL 
- EXPANSIVE SOILS 
- COHESIVE SOIL 
-SILT 
- ROCK AND BOULDERS 
-PEAT 

• BEARING CAPACITY AND 
SETTLEMENT 

• ELASTIC AND INELASTIC 
DEFORMATIONS 
- DURING OPERATIONS 
- AS A RESULT OF WIND 

• DRILLED REINFORCED CONCRETE PIERS 
- COST EFFECTIVE 
- ANALYSIS AND DESIGN 
- RELEVENCE 

• REQUIREMENT FOR ATTENTION 
TO DETAIL AT SPECIFIC SITE 

LOADS - DETERMINATION RELATED 

ISSUES FOR GROUND-MOUNTED 

SYSTEM 

• PRESENCE OR ABSENCE OF 
FENCE OR BERM 
-AESTHETIC 
-ADEQUATE? 
- COST EFFECTIVE 

• LOCAL TOPOGRAPHY AND 
CURRENT OR PROJECTED 
NEARBY STRUCTURES 

• OPERATIONAL WINDS VS STOWED 
(SURVIVAL) WINDS 
- TIME TO STOW VS WIND 

VELOCITY RISE 

• SELECT DESIGN WIND 
(STEADY STATE) 
- RECURRENCE INTERVAL AND 

WIND SPEED 
- 25 YEAR 80 MPH AT 10 METERS 

(SURVIVAl.j? 
- APPROPRIATE FOR LOCALITY? 
- ADJUST FOR COLLECTOR 

ELEVATION WITH APPROPRIATE 
N VALUE DEPENDING ON 
TERRAIN 

• EFFECTIVE PRESSURES 

• DETERMINE LIFT, DRAG, AND 
MOMENT COEFFICIENTS 
- BUILDING CODES 

CONSERVATIVE 
- JUSTIFY USAGE OF WIND 

TUNNEL TEST APPROPRIATE 
TO PROBLEM 

• USE APPROPRIATE GEOMETRY 
- ASPECT RATIO? 
-.: FLOW UNDER AND OVER? 

• CONSIDER GUST LOADS AND TAKE 
INTO ACCOUNT 

- DATA AVAILABLE RELEVANT? 
- ADJUST SAFETY FACTOR OR DO 

DYNAMIC ANALYSIS 

• LOAD FACTORS OR SAFETY FACTORS 
-20R3 
-JUSTIFY 

• GRAVITY LOADS, EARTHQUAKES, 
SNOW LOADS, ICE, HAIL, RAIN 

DESIGN AND CONSTRUCTION 

RELATED ISSUES 

• ARCHITECT-ENGINEER PERFORMANCE 
- PREVIOUS EXPERIENCE? 
- KNOWLEDGE OF WIND LOADS 

AND EXPERIENCE? 
- TEXTBOOK/STANDARD CODE 

APPROACH OR REAL ANALYSIS 
AND DESIGN? 

-APPROPRIATE SAFETY FACTORS? 
- COST ANALYSES AND COST 

TRADE-OFFS APPROPRIATE? 
- RISK ANALYSIS AND RISK 

REDUCTION? 
-DESIGN DETAILS AND CONNECTIONS 

• CONTRACTOR PERFORMANCE 
- QUALITY WORK BY REPUTATION? 
- COST CONSCIOUS AND EFFICIENT? 

COST OVERRUN EXPERIENCE 
- CONSTRUCTION MONITORING 

VALIDATE SOILS ASSUMPTIONS 
ENSURE QUALITY OF CONSTRUCTION 
TRACK COSTS 

- FINAL INSPECTION - PRODUCT 
CONSISTENT WITH DESIGN? 

OPTIMUM COST - EFFECTIVE 

CONFIGURATION OF STRUCTURE 

AND FOUNDATION 

• VARIES WITH SITE CONDITIONS 

• VARIES WITH ANTICIPATED LOADS 

• VARIES WITH LOCAL CONSTRUCTION 
CAPABILITY, AVAILABLE EXPERIENCED 
WORKFORCE, AND MATERIAL AND 
EQUIPMENT COSTS 

• DRILLED RIGID PIERS CAN BE JUSTIFIED 
FOR SOME LOCATIONS BUT DON'T 
MISUSE 
- AULD/MERKLE APPROACH 
-- LLNL/EPRI CODE 

• DESIGNER NEEDS A VARIETY OF 
OPTIONS AND CALCULATIONAL TOOLS. 
AVOID TUNNEL VISION 
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Figure VI-5. Structures and Foundation Issues Associated with PV-T 
System Design Ground-Mounted System 
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A PROPOSED CATEGORIZATION OF SOLAR ARRAY FOUNDATION SOlLS1 

DESCRIPTION 
STANDARD 

PENETRATION* 

ALLOWABLE 
BEARING 

PRESSURE 

STANDARD PULLOUT, LB" 

SOIL TYPE GRANULAR COHESIVE GRANULAR 

A. GOOD DENSE SANDI HARD CLAY 35 BLOW/FT 4000 PSF 1500 
GRAVEL 

B. AVERAGE MEDIUM DENSE VERY STIFF 25 BLOW/FT 2500 PSF 750 
SAND/GRAVEL CLAY 

C. POOR MEDIUM SANDI CLAYEY 20 BLOW/FT 1500 PSF 500 
GRAVEL SILT 

'STANDARD PENETRATION RESISTANCE TEST - ASTM D 1586 - 2-INCH SPLIT-BARREL SYSTEM DRIVEN BY 14D-LB DROP, 3D-INCH FALL. 

"STANDARD PULL OUT - OUTDOOR ADVERTISING ASSOCIATION - UTILITY FOUNDATION ENGR. - 1 y,-INCH STANDARD TEST AUGER. 

1. Modified from Graham Alexander et.al., Battelle, February 1982 

COHESIVE 

2000 

1000 

650 

BDM/A-82-458-TR-R1 

Figure VI-6. Proposed Categorization of Solar Array Foundation Soils 
(from Alexander, Reference VI-~) 
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manager into a false sense of confidence whereby he cuts costs by using 

standard pier designs and omits soil surveys and consultation with a 

qualified geotechnical engineer. The good, average, and poor categories 

are arbitrary and were developed with the idea of providing a 

standardized design for favorable sites. Whether a specific site is 

favorable or not must be determined by a geotechnical investigation 

including the standard penetration test, the pullout test, soil sampling, 

mechanical analysis, Atterberg limit determinations, and other appro

priate tests. 

C. LOADS-DETERMINATION 

Issues related to loads determination for PV-T systems are i llus-

trated in the second column of figure VI-5. Particular aspects related 

to wind loads determinations are highlighted in figure VI-7. 

Wind tunnel tests performed at Colorado State University have shown 

(ref. VI-9, la, and 11) the value of wind fences or berms around LPT 

systems in reducing the applicable design loads. Randall (ref. VI-IO) 

notes that mean wind loadings on parabolic trough solar collectors 

"experience an interference effect which provides a Significant reduct ion 

(50 to 65 percent) of the peak lateral and lift forces originating with 

the wind" and that "appropriate fence or berm configurations can provide 

reduction of lateral and lift forces in perimeter rows equivalent to the 

interference effect with i n co 11 ector arrays". For the LPT systems 

Randall suggests a fence or berm approximately three-fourths of maximum 

collector height, with a porosity of 30 to 40 percent. A fence around a 

ground-mounted array may provide not only load reduction but also 

security and aesthetic appeal. 

In both figure VI-5, column 2, and figure VI-7, there is emphasis on 

the need to consider site and locality specific issues in wind loads 

determinations. There is obviously a need to develop data for the 

specific system under consideration also, as illustrated previously in 

figures VI-l, 2, and 3. Considerable amounts of wind tunnel data have 

VI-14 
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ARRAY SUPPORT STRUCTURE WIND FORCES DETERMINATION 
MODIFIED FROM BECHTEL (REF. VI-5) 

Figure VI.-7. Array Support Structure Wind 
Forces Determination 
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been collected and interpreted for the LPT systems of figure VI-1 (see 
ref. VI-ll) and for the Martin-Marietta system of figure VI-3 (see ref. 

VI-12). For the LFF (figure VI-2) wind tunnel tests have yet to be 
performed and the drag coefficient has been estimated by relating to some 

existing flat plate data as is noted in figure VI-B. 
1. Wind Velocities, Forces, and Design for Winds 

Recently several authors, e.g., Murphy (ref. VI-14), Bechtel 

(ref. VI-5), and Randall (ref. VI-9), have discussed in detail the issues 

relating to wind loading and design for wind of solar collectors. The 

ANSI A5B.1-1972 building code provides a point of departure for each of 
these articles. The ANSI procedure involves several steps: 

o Determi ne a recurrence i nterva 1; i.e., 25, 50, 100 years based 

on risks 

o Determine a basic wind speed (from iso-plots, site investiga

tions, etc.) 

o 

o 

o 

Determine effective pressures related to that wind speed (take 

into account wind gusts) 
Ascertain pressure coefficients and then design pressures 

Apply load factors 

Prob 1 ems with the app 1 i cat i on of the ANS I code are severa 1 

(ref. VI-l3) 
o The code is not particularly relevant to structures of unusual 

shape. 
o The code is quite conservative--for example there is no provi

sion for taking into account boundary layer effects that reduce 

wind velocities below 10 m. 

o Load reductions by shielding of adjacent structures are not 
taken into account. 

o Coeffi ci ents in the code were obtained from smooth fl ow wi nd 

tunnels rather than boundary layer tunnels. 

The current best approach to design of solar collector's structural 

supports for wind loadings uses information and 

supplemented with wind tunnel data appropriate 

considered (Murphy, ref. VI-14). 

VI-17 
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TILT AXIS 

ROLL AXIS 

t 20' (6.1 m) 
I / 

5·INCH x 5·INCH (12.7 x 12.7 em) 
SQUARE TUBE 

. 3·1 NCH x I·INCH 
(7.62 x 15.24 em) 
RECTANGULAR 
TUBE 
(UNDER 5 x 6) V I I I I 

38" 
(0.96 m) 

...... 124" -~ Ill>' 
(3.15 m) (0.29 m) 

1 1 I 

~30" 
(0.76 m) 

60"~ 60" 
(1.52 m) (1.52m) -I- 60" :;--t:30'~ 

(1.52 m) (0.76 m) 

PLAN FORM OF E-SYSTEMS 
(FOUR MODULES IN-A-FRAME) 

NOTES (FROM VERN GOLDBERG. E-SYSTEMS, PERSONAL COMMUNICATION, APRIL 6,1982) 

• WIND 
- STARTTOSTOWAT30 MPH (13.4 m/sec) 
- COMPLETES STOW BY 50 MPH (22.4 m/sec) 
-SURVIVES 90·MPH (40.2 mise c) WIND STOWED (STOW IS FRAME HORIZONTAL AND LFF MODULES FACE 

DOWN) 

• DRAG COEFFICIEN~ 1.0 ESTIMATED WORST CASE WITH FRAME AT 65° TO HORIZONTAL; 145 SQUARE 
FEET AREA (13.5 m ) EXPOSED INCLUDING MODULES AND FRAME. LES CONSERVATIVE DRAG 
COEFFICIENT 0.75 ESTIMATED 

• DEADWEIGHT OF FRAME AND MODULES ON TILT AXIS IS 1000 POUNDS (454 Kg) WHICH EXCEEDS 
MAXIMUM LIFT 

• DEADWEIGHT OF EACH PYLON AND ACCESSORIES IS APPROXIMATELY 150 POUNDS (68 Kg) 

• DISTANCE FROM TILT AXIS TO TOP OF PIER IS 82 INCHES (2.08 m) 

• MODULES ARE APPROXIMATELY 30 INCHES (0.76 m) DEEP 

BDM/A·82-458· TR·Rl 

Figure VI-B. Characteristics of E-Systems Array (from Goldberg 
Reference VI -13) 
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Randall (ref. VI-g) suggests that ground mounted solar 

collector arrays could be designed for a mean recurrence interval of 

25 years because: 
o They do not constitute a substantial risk to life and property 

under high winds, 
o Have an economic life less than that of the multistory build

ings of the ANSI code, 

o Would not be relied upon for emergency energy after a storm. 
For roof-mounted installations a 50 year recurrence interval is suggested 
because of the greater risk. 

For a 10-m elevation and a 25-year recurrence interval most of 
the cont i guous United States has a highest wi nd speed not exceed i ng 80 

mi 1 es per hour. There are some narrow be lts where th is wi nd speed is 

exceeded. For the 50-year interval the wind speed would be gO miles per 
hour. Allowances should be made for local conditions and gusts when 

considering the use of these values. 

• For ground-mounted collector arrays the 10-m velocity can be 

• 

• 

scaled downward to account for diminished near surface velocities 

resulting from boundary layer effects. 

Here: 

The formula used (Randall, ref. VI-g) is: 

v 
Vref 

= 

velocity of height Z above ground 

velocity at a defined reference elevation Z f re 
exponent for power law relation 

(Eq. VI-l) 

The following table (Randall, ref. VI-g) provides values of n 
for four types of surfaces from three different sources: 
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TABLE VI-I. POWER LAW EXPONENTS FOR VARIOUS TERRAIN TYPES 

Type of Terrain n 
upper bound lower bound 

very smooth 
(sea. ice. snow mudfl ats) 0.099 0.099 

open flat 
(rural grassland and crops) 0.161 1/7 

rough 
(houses and woods) 0.28 1/4.5 

very rough 
(urban city centers) 0.40 0.32 

Given the velocity profiles appropriate for the terrain. it is possible 
to then calculate dynamic pressure profiles using the equation: 

(Eq. VI-2) 

Here q is the dynamic pressure. p is mass density of the air stream and v 
is the wind velocity. Randall (ref. VI-9) suggests a dynamic pressure 
design value of around 480 Pa (10 pounds per square foot) for both 
suburban roof-top installations and ground mounted systems where the 
terrain is open and flat. The lift and drag forces and the moments on 
the collector are determined using the equations: 

FORCE = CFORCE qA 

(Eq. VI-3) 

MOMENT = CMOMENT qAt 
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A is the appropriate area for the coefficients being used and l/, is a moment 

arm. The values of the coeffi ci ents CFORCE and CMOMENT are derived 
from wind tunnel measurement on scale models. 

a. Wind Forces on Linear Parabolic Troughs 
Randall (personal communication) suggests that for 

ground-mounted LPT systems (figures VI-l and VI-9) properly fenced or 
bermed the coefficients which can be used for design (upper bounds) are 
as follows: 

~ 0.5 (see Randall, ref. VI-lO) 

Cdrag (lateral force) = 0.5 (Randall, ref. VI-9) 

Cpitching moment = + 0.1 (Randall, personal communication, March 
(1982) 

Aspect ratios associated with these values are approximately 3 • 
These values assume at least 6 percent gaps between indi

vidual troughs of the LPT array to nullify the considerable influence 
that long-row aspect ratios would have. If aspect ratios of individual 
troughs approach 5 to 10, the coefficients should be re-evaluated. The 

value of Cpitching moment = ~ 0.1 is in accord with some recent detailed 
investigations by Randall, and is lower than the previously reported 
~ 0.35 from Randall (ref. VI-9). 

The 1 i near parabo 1 i c trough (LPT) systems common ly start 
to stow automatically when wind velocities reach 15.6 m/sec (35 mph) 
and they are in a stow position by the time the wind velocity is 
22.4 m/sec (50 mph). In the stow position they are intended to survive 
an 35.8 to 44.7 m/sec (80 to 100 mph) wind. The coefficients given above 
may be used with these survival winds to calculate design forces for the 
structure and foundation. Obviously, for these values to be used it is 
assumed that the adverse conditions such as a power outage or icing con
ditions do not prevent movement to the stow position . 

VI-2l 
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b._ Wind Forces on the Martin Marietta Two-Axis Point Focus 
Fresnel (PFF) System 

Wind tunnel tests at Colorado State University (CSU) (ref. 

VI-12) have disclosed that the wind loads on the configuration in figures 

VI-3 and VI-lO are quite sensitive to the "porosity" of the paddles or 

wings. The original first generation design of this system had a poro

s ity of 13 percent with only 87 percent of the area effect i ve. By goi ng 

to 100 percent aperture area and by staggering the PFF modules it has 

been possible to increase the efficiency of the system and reduce wind 

loads for a given exposed area. 

The results of the tests at CSU are portrayed in the table 

below (ref. VI-3). 

TABLE VI-2. POROSITY EFFECTS ON MARTIN MARIETTA SYSTEM 

POROSITY POROSITY POROSITY 

0 5 

AZIMUTH TORQUE FACTOR 6.8 2.63 1.0 

ELEVATION TORQUE FACTOR 1.69 1.62 1.0 

BASE BENDING MOMENT FACTOR 1. 31 1. 16 1.0 

Figure VI-ll shows the azimuth torque, elevation torque, 

• and base bending moment for the Martin Marietta second generation array 

for various array angles. wind directions, and for both porosity 4 and 

porosity 5. Maish (ref. VI-15) points out that "introducing porosity by 

staggering adjacent modules front to back can reduce maximum azimuth 

torques by a factor of (nearly) 7 and maximum elevation torques by a 

factor of 1.7 over a solid array while maintaining 100 percent array 

aperture area utilization" • 

• 
VI-23 
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The Martin system will start to drive to stow at 
11.6-13.4 m/sec (26-30 mph) winds and will survive a 13.4 m/sec (50 mph) 
wind during stow. The system is intended to survive a 100 mile per hour 
wind in the stow position. Stow is at a 100 inclination (elevation 
angle) to the horizontal. 

The Martin Marietta two-axis tracking single-pedestal 
system displays some pronounced tendencies when winds act on a number of 

• 

units in a field. For units on the edge of an array. unbalanced • 
shielding can raise the azimuth moment (doubled in one example) and flow 
channeling in the center of an array (ref. VI-12) can produce a 
"one-sided" loading on a unit. 

designed. 
(Goldberg. 

c. Wind Forces on E-Systems Two-Axis Tracking System 
Figures VI-2 and VI-8 show this system as currently 

Figure VI-8 provides detailed data curr~ntly available 
ref. VI-13). Stow and survival winds are indicated in 

figure 8 as well as the currently estimated worst case drag coefficient 
of 1.0 with the frame at 650 to the horizontal. Lift and moment ~ 
coefficients have not been provided but can be estimated by reference to 
wind tunnel tests on plates. 

2. Examples of Wind Load Calculations on Linear Parabolic Troughs 
Randall (ref. VI-9) provides two examples of calculations of 

wind loads on LPT. These calculations are reproduced here to illustrate 
an approach to design which could be modified and applied to other PV-T 
systems. 

a. Ground Mounted Array - Sample Calculation: 
Given a ground-mounted LPT array of 2 m X 6 m (6.56 ft X • 

19.69 ft) collector modules installed in open flat terrain. Modules are 
installed with trough center line 1.5 m (4.92 ft) above ground. 

Reference Area (AR) = 2 X 6 = 12 m2 (129.2 ft 2). 
Reference Length (LR) = 2 m (6.56 ft). 
Basic Design Wind Speed* = 35.76 m/sec (80 mph or 117.3 ft/sec) 
* (at 10-m elevation, 25-year recurrence). 

VI-26 
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Velocity at Collector = 35.76 (~05) 1/7 = 27.3 m/sec (89.5 ft/sec). 
Center Line 

qlO = 0.5 (1.226 kg/m3) (35.76)2 = 783.9 Pa (16.35 lbs/ft2). 
open 

q at Collector = 0.5 (1.226 kg/m3) (27.3)2 = 456.4 Pa (9.5 lb/f2). 
Center Line 

Note: The boundary layer extends to approximately 275 m elevation over 
open country and at 275 m: 

Geostropic Wind speed = 35.76 (2i6) 1/7 = 57.3 m/sec (188-ft/sec or 128 mph) 

Assuming, for parabolic trough collector modules in an array 
protected with a wind screen fence, lateral and lift force, and pitching 
moment coefficie~ts equal respectively to 0.5, ~ 0.5, ~ 0.35 these 
respective loads are: 

Lateral Force FX = 0.5 (455 Pal (12 m2) = 2370 Newtons (614 lbs). 
Lift Force FZ = ~ 0.5 (455 Pal (12 m2) = ~ 2730 Newtons (614 lbs). 
Pitching Moment Me = ~ 0.35 (455 Pal (12 m2) (2 m) = + 3822 N-m 
(2818-ft lbs). 

We could use the + 0.1 referred to earlier in calculating Me • 

Note: The loads cal cu 1 ated here do not i ncl ude a gust factor 
to account for the cyclical nature of the wind about the fastest mile 
mean value • 
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b. Roof Mounted Array - Sample Calculation 
Given the same collector array mounted on a building roof 

in a suburban area representative of rough terrain. The collector 
centerline is 10 m (32.8-ft) above ground. 

Basic Design Wind Speed* = 40.2 m/sec (132 ft/sec or 90 mph) 
(at 10-m elevation, 50-year recurrence). 

(
275) 1/7 Geostrophic Wind Speed @ 275 m = 40.2 m/sec 10 = 

(212 ft/sec or 144.5 mph). 
64.6 m/sec 

This geostrophic wind speed exists at 400 m over rough terrain. 

( 
10) 1/4.5 

Velocity at Collector = 64.6 400 = 28.5 m/sec (93.4 ft/sec). 
Center Line 

q at Collector = 0.5 (1.226 kg/m3) (28.5)2 498 Pa (10.4 lb/ft2). 
Center Line 

Thus, a rooftop installation at 10 m height in suburban
type terrain, experi ences a dynami c pressure on ly 9.5 percent greater 
than a ground-mounted installation at 1.5 m in open terrain and propor
tionately higher load levels. 

3. General Comments on Wind Loadings 
Figure VI-7 illustrates a step-by-step approach to wind load 

determination for support structure and foundation designs for solar 
arrays. The static design force determination has been illustrated in 
the previous example. Lack of SUfficient data or enough time for 

*The 10-m elevation basic wind speed data is based upon National Weather 
Service anemometer stations which, largely, are located at airfields. 
Thus, this data base, in general, has been accumulated for velocity 
profiles representative of open flat terrain. 

VI-28 

• 

• 

• 

• 



• 

• 

• 

• 

THE BOM CORPORATION 

analysis frequently precludes doing the dynamic design. There is much 

more to force determi nat ions and des i gn than the above examp 1 es show. 

Allowance must be made for gust loads, and the dynamic response of the 

structure needs to be evaluated to avoid excessive vibration amplitude 

bui ld-up owing to excitation at or near resonance frequencies in the 

absence of adequate damping. Localized extreme wind conditions not taken 

into account can nu 11 ify an otherwi se sound approach to wi nd load deter

minations. The site study noted in figure VI-7 (see h) is important. 

Column 2 of figure VI-5 raises many issues, some of which deserve more 

treatment than has been possible in this brief survey. 

D. DESIGN AND CONSTRUCTION RELATED ISSUES 

Column 3 of figure VI-5 provides a summary of some of the issues 

related to architect engineer and contractor performance in designing and 

building structural supports and foundations for PV-T systems. 

Many firms lack experience with PV-T technology and learning can be 

expensive, as has been noted in previously cited examples where over

sights in design or lack of attention to detail in construction led to 

costly after-the-fact structural reinforcing or to leaky roofs. Figure 

VI-4 suggests some points to consider in the construction phase of PV-T 

installation. Lack of attention to detail in structural and foundation 

construction and inspection will exacerbate problems subsequently 

encountered (figure VI-4) in the operation and maintenance of structural 

and foundation components. The goal throughout the process is to achieve 

a system with low initial and life cycle costs. 

1. Optimum Cost-Effective Configuration of Structure and 
Foundation 

This category of issues from figure VI-5 relates to the quality 

of the end-product from this entire discussion of structures and founda

tions, to support PV-T systems. The optimum cost-effective solu~ion will 

vary, depending on all the factors listed in column 4 of figure VI-5. 

Site conditions and loads have been previously discussed. Local 
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construction capability for structures and foundations must be taken into 
account in design and costing of foundations (ref. VI-16). 

2. Examples of Foundation Designs for PV-T Systems 
Drilled reinforced concrete piers have been noted to be a 

cost-effective solution to the problem of providing a suitable foundation 
for ground-mounted PV-T systems (ref. VI-16). These authors extended 
their earlier study to consider what economies could be realized in 
design of LPT array foundations where shielding effects of multiple rows 
and perimeter fences were taken into account (ref. VI-17). They 
concluded that appropriately reduced wind loadings can result in cost 
savings that are significant and that favorable sites (good soil condi
tions) should be sought to help keep costs of foundations down. They 
suggested the use of rectangular footings for PV-T systems only when site 
conditions preclude the use of an auger to drill the holes for the piers. 

For piers Auld (ref. VI-IS) used the basic equations of rigid 
pile theory (figure VI-12): 

In the interaction equation of figure VI-12: 

P~e = a factor of safety X magnitude of inclined load (Pa) 
a = the angle of inclination of Pe which is measured from the 

vertical axis 
Quv = the gross ultimate vertical resistance (a = O) 

Quh = the gross ultimate lateral resistance (a = 900 ) 

In order to calculate the vertical uplift capacity of the pier the weight 
and surface resistance are taken into account: 

Q = RA + W uv s (Eq. VI-4) 

Here, R is the average resistance per unit area to uplift over the 
embedded area As' and W is the weight of the pier. Calculation of R 
requires knowledge of the appropriate uplift coefficients, the cohesive
ness and frictional characteristics of the soil and pier face, and the 
unit weight of the soil. 
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Basic Equations of Rigid-Pile Theory 
(from Auld, Reference VI-18) 
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Quh' the gross ultimate lateral resistance of the pier, is a 
function of the cohesiveness of the angle of internal friction, and the 
unit weight of the soil, as well as the length of embedment, the eccen
tricity of load, the diameter of the pier and the soil reaction distri
bution. A knowledge of soil and pier properties and equations of statics 

can be used to derive equations for Quh. 
3. Example Pier Foundation Designs for a Linear Parabolic 

• 

Trough System • 
Merkle (ref. VI-4) did testing which continued and extended the 

work of Auld and Lodde. He applied their pier design theory as illus-
trated in figure VI-12 (see ref. VI-16, appendix B) and used results of 
wind tunnel tests (ref. VI-9) to obtain designs for drive and interior 
pylon foundation piers for a shielded array of parabo1 ic troughs. The 
troughs were of 2-m aperture and 6-m length. The coefficients used (lift, 
drag, and moment) were C1 = ~0.5, Cd = 0.5, and Ce = ~0.35 as were 
cited above from Randall. Merkle used wind velocities of 16.76 m/sec 
(37.5 mph) operational and 40.2 m/sec (90 mph) survival. In the 
previously cited example, Randall used 35.8 m/sec (80 mph) survival 
winds. Merkle's (ref. VI-4) collector wind loads at the trough axis 
are: 

1 ift force 
drag force 

3321 Newtons (746.6 pounds) 
3321 Newtons (746.6 pounds) 

pitching moment 18,600 N-m (164.6 inch-kips) 
He took into account dead loads (222.6 Pa (4.65 lbS/ft2) of aperture) and 
determined the following loads at the level of the top of the foundation 
piers: 

Drive Pier - Vertical Force 

Horizontal Force 

Moment 

Wind 
(16.8 m/sec) 
37.5 MPH 

(2090 N) 
470 lb down 
(578 N) 
130 1 b 

(3955 N-m) 
35 in-kips 

VI-32 

(40.2 m/sec) 
90 MPH 

(667 N) 
150 1b up 
(3340 N) 
750 lb 
(22600 N-m) 
200 in-kips 
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(2090 N) 
Interior Pier - Vertical Force 470 lb down 

(578 N) 
Horizontal Force 130 lb 

(791 N-m) 
Moment 7 in-kips 

(667 N) 
150 1 b up 
(3340 N) 
750 lb 

(4520 N-m) 
40 in-kips 

Auld and West (ref. VI-19) designed the piers to sustain these loads • 
Figures VI-13 and VI-14 show the drive pylon pier design and the interior 
pylon pier design respectively, as designed for the soils found at the 
Sandia National Laboratories Albuquerque test area, where the soils are 
nonplastic silty sands and are well-characterized by a geotechnical 
investigation (ref. VI-1, appendix B). Piers for drive pylons were 
embedded 1.8 m (6-ft), and interior pylon piers were embedded 2.3 m (7-ft 
8-in) for these tests. Vertical and lateral load carrying capabil ity of 
these piers exceeded predicted capacity. Failures noted related to 
attachments at the tops of the piers, which were inadequate to develop 
full lateral bearing capacity of the piers. 

4. Example Foundation Designs for the Martin Marietta Two-Axis 
Tracking Pedestal-Mounted System 
Previously in this discussion (see figure VI-ll), the results 

of wind tunnel tests were interpreted to bound the wind forces acting on 
the Martin Marietta system. This type of loading and other forces, 
including the gravity loads, have been taken into account along with 
appropriate safety factors, to develop the pier design shown in figures 
VI -15 and 16. Note that pi er embedment 1 engths are to be determi ned 
based on soil cmalysis data. This design should be adjusted consistent 
with local conditions. 

5. Example Foundation Designs for the E-System Two-Axis 
Tracking PV-T System 
This system is shown in figures VI-2, 8, and 17. Figure VI-2 

presents a perspective view. Figure VI-8 shows the system dimensions and 
the available information on dead loads and wind forces. Based on infor
mation available to him, Vernon Goldberg of E-Systems has prepared the 
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Fi gure VI -13. 

4 3/4" Diameter A325 Anchor Bolts (with 
Heads) upper 6" to be threaded 

4" above grade 
with removable 
below) 

cap, formed in-place 
metal collar (see note 

___ --18" Diameter Augered Hole 

6 #5 Rebar 

8 #3 Lateral Ties, 1011 vert. o.c., tied 

of 2.65 11 of concrete cover provides 
ties 

Notes: 1. Placement of cap-forming 
ring and anchor bolts to 
be set by construction jig 

2. Ma te ri a 1 s : 

concrete: 3,000 psi 
steel: 50,000 psi 
bolts: 3/4" A325 

reinforcement bars set at 60~ intervals 
on 5.66" radius 

Solar Collector Drive Pylon 
(from Merkle, Reference VI-4) 

VJ-34 

BDMI A-82-458-TR-Rl 

• 

• 

• 

• 

• 



• 

• 

• 

THE BDM CORPORATION 

4 3/4" Diameter A307 Anchor Bolts upper 
6" threaded 

6" 

+ ----~---r~'--~'~----~~f 
4" above grade cap, formed in-place 
with removable metal collar (see note 
below) _"-"I4_"-n~ .··.ll===if 

JI II 
: 'I) 11 

L 

/I II 
II II 
II II 
'it-~~lI, II II 
II II 
II II 
II II 
",~co~J_~ 
II II 

~ _____ ---14" Augered Hole (or larger) 

l! Ii 
", II _---- 4 #3 Lateral Ties, 10" vert. o.c. tied 
:1 II .!'==="'L.l------
" II· minimum of 2.26" of concrete cover 
II II; provided at lateral ties II II , 

~=_JJ--1f--__ ---L 

-
M 

bend bottom 6" of anchor bolt into 90" 
leg and tie to adjacent leg in clockwise 
pattern forming a square 

axis of solar collector 

Notes: 1. Pl acement of cap formi ng ri n~ 
and anchor bolts to be set by 
construction jig. 

2. Interior pylon design also 
applies to end and "Ull shaped 

• pylons. 

• Fi gure VI -14. 

3. Materials: 

concrete: 3,000 psi 
steel: 50,000 psi 
bolt:;: A307 

8 OMI A-82-458-TR-R 1 

Solar Collector Interior Pylon 
(from Merkle, Reference VI-4) 
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CONVENTI ONAl 
SQUARE TI ES --I-

18" DIA PIER 

(6) 15.1 lG. STANDARD 
.5/&'DIA. "J" BOLTS SPACED 
AS SHOWN ON 11.75 B.C . 

TRUE NORTH (NORTHERN HEMISPHERE) 
TRUE SOUTH (SOUTHERN HEMISPHERE) 
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Figure VI-16. layout of "J" Bolts and Reinforcements 
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LINEAR FOCUS TWO AXIS TRACKING 
SOME TYPICAL E-SYSTEMS FOUNDATIONS* 

(ADJUST TO SOIL TYPE ~OCALLY) 

SOIL 
STATUS 

GOOD 

AVERAGE 

BEARI NG 
CAPACITY 

(PSF) 

4000 

2500 

LATERAL 
PASSIVE 

(PSF) 

200 

150 

TOTAL. PI ER 
LENGTH (1) 

(INCLUDES CAP) 

6-1/2 Feet 
(1.9B m) 

7-1/2 Feet 

20"x14" rectangular cap 

, .. 

12" 
(2.3 m) 

0..........-.------..---" .. ~ :.;. ~ 

POOR 1500 

4 J Bolts for studs 

7". into cap approx. 

100 8-1/2 Feet 
(2.6m) 

reinforcin9 steel 
4 vertical #4 bars 
on 3" radius about 

center of pi er 

ties #3 12" apart 

FROM VERNON GOLDBERG E-SYSTEMS STRUCTURAL GROUP 

PERSONAL COMMUNICATION (APRIL,6 1982) 

.. .. .' 

BDM/A·B2-458·TR·R1 

Figure VI-17. Linear Focus Two-Axis Tracking Foundation 
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sample foundation designs shown in figure VI-I? The soi 1 status indi

cated apparently relates to soi 1 types previously shown in figure VI-6. 

The rectangular cap shown is to be poured monolithically with the rest of 

the pier. 

Goldberg indicates that a cost tradeoff study is desirable to 

show whether the cap is better than using a greater diameter pier and 

maintaining a continuous cross-section to avoid the hand labor of exca

vating for the oversize rectangular cap. 

6. Alternative Approaches to and Solutions for the Structure 
and Foundation Problem 

Figure VI-5 (last column on the right) cautions against 

misapplication of piers. Certainly, caution is indicated under circum

stances where expansive soils may be encountered (e.g., reference the 

earlier discussion of Johnson and Johnson, Sherman, Texas installation). 

Pier design codes have been developed and may prove to be an aid to 

foundation design (ref. VI-20). Dunder (ref. VI-2I and VI-22) specifi

cally pOints out the advantages of the Pier Analysis and Design for 

Lateral Loads (PADLL) code for piers employed with second generation 

heliostat systems. The PADLL code is based on the subgrade modulus model 

shown in figure VI-l8. This figure VI-l8 is taken from Volume 1 of the 

GAl study for the E 1 ectroni c Power Research Institute (EPRI) and the 

Sand i a Nat i ona 1 Laboratori es (Livermore). The model is for mu 1 til ayered 

soils and takes into account the highly nonlinear load-deflection rela

tionship for laterally loaded drilled piers. 

The designer of structures and foundations for PV-T systems has 

a variety of options and calculational tools to apply in arriving at 

reliable and cost effective solutions. 

E. GUIDELINES AND SUGGESTIONS FOR ADDITIONAL INVESTIGATION 

This section now concludes with design guidelines of structures and 

foundations for PV-T systems (figure VI-l9), and an enumeration of areas 

deserving additional investigation (figure VI-20). Figure VI-l9 provides 
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k -BASE SHEAR 
b TRANSLATIONAL 

SPRING 

BDM/A-82·458·TR·R 1 

Figure VI-18. Four-Spring Subgrade Modulus Model 
(from GAl, Reference VI-18) 
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SOME GUIDELINES FOR DESIGN OF 
STRUCTURES AND FOUNDATIONS 

• TAKE INTO ACCOUNT STRUCTURES' AND 
FOUNDATIONS' ASPECTS "UPFRONT" IN 
CONCEPTUAL DESIGN OF SYSTEM 

• PERFORM AN ADEQUATE SOIL SURVEY AND NOTE 
EXPERIENCE WITH NEARBY FOUNDATIONS AND 
STRUCTURES. IF DISTRESS IS NOTED, ASCERTAIN 
WHY 

• INVESTIGATE APPLICABILITY OF A BERM OR FENCE 
TO REDUCE COST OF STANDARDIZED DESIGN AND 
TO PROVIDE SECURITY 

• PROVIDE A CLEAR AUDIT TRAIL FOR ALL WIND 
LOAD CALCULATIONS 
- CLEAR ASSUMPTIONS CLEARLY STATED AND 

JUSTIFIED. EXAMPLES: NO HAZARD TO 
PERSONNEL - GROUND-MOUNTED 25-YEAR 
RECURRENCE 80-MPH WIND AT 10-METERS 
ELEVATION. SCALED TO ELEVATION OF INTEREST 
BY 117 POWER RULE 

- WIND LOAD CALCULATIONS CLEARLY NOTED AND 
DEFENDED FOR LOCAL SITE CONDITIONS. IF 
BOULDER, COLORADO,IS SITE, PROPERLY ADJUST 
WIND VELOCITIES 

- QUESTION AND REVALIDATE THE "OBVIOUS". 
EXAMPLE: LOCAL CONDITIONS MAY CAUSE WIND 
LOADING (AS BY VORTEX SHEDDING) MORE 
SEVERE INTERNAL-TO-ARRAY THAN EXTERNAL 

- RELATE LIFT, DRAG, AND MOMENT COEFFICIENTS 

I.E, CI = 0.5 (LIFT) 

Cd = 0.5 (DRAG) 

Co = 0.1 (MOMENT) 
TO THE SPECIFIC CONDITIONS, FOR EXAMPLE 

• PARABOLIC TROUGHS (GIVE ASPECT RATIO) 
• 1.5-METERS ELEVATION 
• NO GUST FACTOR 
• PROTECTED BY WIND SCREEN 
• BASED ON CSU TESTS AND INTERPRETATION 

• EVALUATE A VARIETY OF FOUNDATIONS 
APPROPRIATE TO LOCAL CONDITIONS OF SOIL AND 
LOCAL CONSTRUCTION CAPABILITIES AND COSTS 
AND ESTIMATED ELASTIC AND INELASTIC 
DEFORMATIONS 
- PIERS IN SAND, GRAVEL, AND CLAY; DRILLED, 

RIGID, PROPERLY REINFORCED 
- PIERS INAPPROPRIATE OR AT LEAST QUESTIONED 

FOR EXPANSIVE CL"'YS, PEAT, ROCK, AND 
BOULDERS 

- NEED GOOD LOAD TRANSMISSION FROM PIER 
TO PYLON! TESTS SHOW WEAKNESSES IN 
STANDARD CONNECTION DESIGN 

• RELATE TO LOCAL AND NATIONAL CODES/ 
ORDINANCES AND EXPERIENCE AND APPROPRIATELY 
JUSTIFY DEVIATIONS 

• MONITOR CONSTRUCTION TO GETWHATTHE DESIGN 
SPECIFIED 

BDM/A-82-458·TR·R1 

Figure VI-19. Some Guidelines for Design of 
Structures and Foundations 

AREAS DESERVING ADDITIONAL 
INVESTIGATION 

• WIND GUSTS AND DYNAMIC DESIGN OF 
FOUNDATIONS AND STRUCTURES 
- RELEVANCE OF EXISTING DATA 
- GAPS AND CRITICALITY OF GAPS 
- PROCESS TO FILL GAPS 
- DYNAMIC DESIGN OF COMPONENTS AND 

SYSTEMS 

• STRUCTURAL AND FOUNDATION SYSTEMS DESIGN 
LIFE AND DEGRADATION 
- VIBRATION CYCLES 
- FATIGUE 
- CORROSION AND ccrlROSION PREVENTION 
- MONITORING AND MAINTENANCE 

• COST TRADE·OFFS AND LIFE CYCLE COSTS OF 
STRUCTURES AND roUNDATIONS 
-INITIAL VERSUS LIFE CYCLE SAVINGS 
- COST DRIVERS 
- COST REDUCTION 

• OBSERVATION/INSTRUMENTATION OF 
FOUNDATIONS AND STRUCTURES OF EXISTING 
SYSTEMS TO DETERMINE 
- OVERDESIGNED AND UNDERDESIGNED 

COMPONENTS AND SYSTEMS 
- DESIGN ADEQUACY 
- RISK FACTORS AND POTENTIAL FOR RISK 

REDUCTION IN FUTURE EFFORTS 
- RESPONSE CHANGES WITH RESPECT TO TIME 
- RECURRING COSTS ASSOCIATED WITH 

"AS·CONSTRUCTED" FOUNDATION AND 
STRUCTURE 

• FOUNDATION ANU STRUCTURAL COSTS VERSUS 
TYPE OF PV-T SYSTEM 
- SINGLE·AXIS TRACKING LINEAR PARABOLIC 

TROUGH 
- TWO-AXIS TRACKING 

LINEAR FOCUS FRESNEL 
POINT FOCUS FRESNEL 

BDMI A·82-45B-TR·R 1 

Figure VI-20. Areas Deserving Additional 
Investigation 
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a qu i ck reference for the des i gner of future PV-T systems. Cons i der 
structura 1 and foundat ion prob 1 ems early in the conceptua 1 des i gn 
process, in addition to establishing soil conditions. Know the as sump
t ions behi nd the wi nd load i ngs bei ng used. Do not use 1 i ft, draft, and 
moment coefficients without checking their origin and range of appl i
cabil ity (audit trai 1). Are they appl icable to the situation under 
study? Don't ignore building codes. Inspect and monitor construction to 
ensure quality. 

Figure VI-20 reveals some knowledge gaps that may cause the designer 
difficulty, The subject of wind gusts and dynamic design of wind-loaded 
structures needs additional investigation to provide a rational basis for 
design. Fatigue and corrosion of wind loaded structures can shorten 
their useful lives and cause maintenance problems. Costs must be 
controlled, and in order to control costs on future PV-T structures and 
foundation systems, it is necessary to document and learn from previous 
mistakes. And finally, the cost relationships for foundations and struc
tures of the various PV-T alternatives must be carefully considered. 
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CHAPTER VII 

INSTITUTIONAL ISSUES 

In the previous chapters, we have discussed various technical issues 

associated with designing and installing a PV-T system. In addition to 

the technical components, the engineer must be aware of other aspects of 
a solar system that may have a bearing on the system design and 

economics. Considerations include the legal, environmental, and economic 

issues associated with utility interfacing and sellback of excess elec

trical energyo Safety is a technical issue which also must be considered 

in the system design. Various aspects of electrical and mechanical 

safety were discussed in previous chapters; however, there are certain 

spec ifi c safety prob 1 ems associ ated with concentrat i ng so 1 ar co 11 ectors 

which will be addressed. These solar related issues are discussed in the 

following sections. 

A. LEGAL ISSUES 

1. Guaranteed Solar Access 

Solar collectors need sunlight to function. There is presently 

no right to sunl ight in the United States when the needed 1 ight passes 

across property owned by others before reaching the user. Very 1 ittle 

empirical evidence exists as to whether structure shadows on collectors 

will be a major problem to a developing solar industry. Two rather lim

ited studies (ref. VII-1 and VII-2) using aerial photographs, indicated 

that shadowing may not be a problem in suburban areas, and that the issue 

of solar rights may have been over-emphasized. Commercial and industrial 

buildings, however, are generally located in urban areas where new struc

tures are constantly being erected and others torn down. In a more 

crowded and less static environment, a guaranteed access to sunlight for 

the 1 ife of a proposed so 1 ar system may be an essent i ale 1 ement to its 
realistic economic evaluation. 
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Guaranteed solar access can be obta i ned through a number of 

legal means including prescriptive easements, nuisance laws, express 

easements, transferable development rights, restrictive covenants (equit

able servitudes), zoning and land use planning. 

A recent review of these methods (ref. VII-3) indicated that, 

for a solar retrofit, an express easement would provide the most 

security. Easements are limited rights to use the land owned by another. 

In an "express" easement, two parties (in this case, one owning the land 

and the other wishing sunlight to flow unhindered across the land) volun

tari ly and intentionally bargain for the right. Express easements for 

receiving light are recognized by the courts and are available in most 

states. Unless otherwise stated in the original contract, an easement 

. bi nds all subsequent owners of either property. The 1 imitat ions of an 

express easement are its voluntary creation and its possible cost. An 

owner of "burdened" who never intended to bu il d an i nterferi ng structure 

may ask for an exorbitant price not to build. 

The benefits are creation without government action, appli

cat i on to estab 1 i shed areas, and permanence not found in eas ily changed 

zoning laws. Industries located on presently rural sites may use express 

easements to protect the i r co 11 ectors from future deve 1 opments. Th i s 

protection might include restriction of corrosive or clinging emmissions 

by a future neighbor industry as well as guaranteed solar access. 

Restrictive covenants, promises involving land usually found in 

deeds, can protect solar access in new industrial parks. These cost 

nothing, and do not require an individual property owner to draw up legal 

documents since they are only applicable to new developments. 

Several legal experts feel that zoning is the most practical 

method of guaranteeing solar access (ref. VII-4). Zoning can be exer

cised at the local or state level, can apply to new or existing struc

tures, and is relatively inexpensive. Compensation is awarded to a party 

who loses property as a result of zoning ordinances, but the public 

usually provides the money. Zoning boards, however, are notoriously 

influenced by local pol itics, and zoning ordinances can be changed by 
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local authorities if there are no restrictions in the enabling legisla
tion. Zoning may be most effectively used to protect the solar access of 
a publicly-owned building, such as a school or community hospital. 
Zoni ng does not necessarily provi de the permanence of express easements 
and restrictive covenants. 

Industries and commercial establishments located on rented pro
perty or in rented buildings must depend upon their landlord to guarantee 
their so 1 ar access. Ne i ther express easements nor restri ct i ve covenants 
directly involved tenants. The landowner makes the bargain or signs the 
deed. Zoning ordinances affect rental property and may be the only 
method of protection available to the longterm leaseholder with an unin
terested or uncooperative landlord. Leasing agreements can be written to 

cover solar access. Obstruct i on of 1 i ght can be grounds for re 1 eas i ng 
the tenant or can lead to payment of damages if these were specified in 
the contract. 

Several state and local governments have recently enacted solar 
rights laws in various forms. The effectiveness of these laws remains to 
be tested. A controversial example is the New Mexico Solar Rights Act of 
1977. This legislation establishes as a property right, the right to an 

unobstructed line-of-sight path from a solar collector to the sun. Any 
disputes are to be resolved by applying the concepts of "beneficial use" 
and "prior appropriation." The values of varying benefical uses are not 
defined, allowing "first in time" to establish the priority of use. 
Legislation of this type may not protect an industrial application if the 

value of benefical use is quantified and used to establish priority at a 
later date. 

2. Building Codes 

Building codes may be a barrier to the construction of a photo
voltaic-thermal system. There are three widely adopted model building 
codes: 

(1) The Basic Building Code of the Building Officials and Code 

Administrators, International (BOCA), found mainly in the East 
and Midwest. 
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(2) The Uniform Bu il ding Code of the Internat i ona 1 Conference of 

Building Officials (ICBO), found mainly in the West. 

(3) The Standard Building Code of the Southern Building Codes 

Conference (SBCC), found mostly in the South. 

Loca 1 governments usually base thei r bu i 1 ding codes on one of these 

models but may modify the code to meet local conditions. None of the 

codes currently deals with solar collectors. The model code organiza-

• 

t ions have teamed together and drafted a mode 1 code on so 1 ar heat i ng and • 

cooling of buildings (ref. VII-5) which is in the review process. 

Several states have added solar provisions to their building codes. 

These provisions usually require building orientations favorable to solar 

heating and cooling but do not supply specification or performance stan

dards for solar systems. 

Once the electricity is generated and the thermal energy 

co 11 ected, it is transported, stored, and utili zed by means used in con

ventional energy systems and covered by the codes. Pipes, ducts, valves, 

storage tanks. contro 1 s, wi ri ng, storage batteri es, etc., are covered in. 

the codes, but their use in a photovoltaic-thermal system may be novel. 

Use of materials, eqUipment, and methods not covered by the codes 

requi res demonstrat i on that the new techno logy is equ i va 1 ent to that 

specified in the codes in strength, fire reSistance, durability, quality, 

effectiveness, and safety. The first step toward meeting these six cri-

teria for solar systems is the establishment of certification programs. 

At present, two organizations, the Air Conditioning and Refrigeration 

Institute and the Solar Rating and Certification Corporation (SRCC) are 

establishing solar certification programs (ref. VII-6). 

The SRCC plans to publish a directory of certified solar equip

ment in 1982. Collectors will be rated based on Standards 93-77 and 

96-80 of the American Society of Heating, Refrigeration, and Air Condi

tioning Engineers. Two certification programs, however, may complicate 

approval of solar applications. A building official unfamiliar with 

solar technology may find differences between the certification programs 

sufficient reason to question an entire system. He may require testing 
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of components, at the applicant's expense, by approved testing facilities 

(chosen by the official) using approved methods (again chosen by the 

official when not specified in the codes). The lack of specification or 

performance standards gives the building official discretionary powers 

whi ch can eas ily de 1 ay permit approval and increase the expense of a 

solar system, or actually prevent an application. 

The solar industry has not reported any particular code impedi

ments, but there have not been a large number of commercial or industrial 

applications. As more systems are built, the overlap of traditional jobs 

involved in solar applications (roofers, electricians, plumbers, glazers, 

etc. ,) may lead to labor unions using strict code enforcement as a tool 

wh i 1 e sett 1 i ng disputes. Th is prob 1 em can be overcome on a part i cu 1 ar 

job by thoughtful negotiation with all unions involved before construc

tion begins, and with careful specification of construction responsibi

lities. If solar construction has already become a sensitive issue in a 

unionized location, solar applications may have to wait until the juris

dictions have been established . 

The bu i 1 ding" codes may represent a specifi c problem to commer

cial and industrial solar retrofit appl ications. There can be retro

active appl ication of current standards to older buildings in retrofit 

situations. The costs of meeting current standards will have to be 

included in any analysis of the total cost of a solar system. In par

ticular, current fire safety standards may include automatic sprinkler 

systems. A commerical solar retrofit using a flammable heat transfer 

fluid could require an upgraded sprinkler system. Roof-mounted retrofits 

may be rejected under the Standard Building Code because an existing 

building cannot be increased in height unless the entire structure is 

altered to meet the code under the Uniform Building Code, because there 

is a twelve-foot height restriction, or under the Basic Building Code 

because glass or plastic panels may be interpreted as being similar to 

skylights, which must be wire impregnated and not more than 48 inches in 

any dimension. Local building ordinances may also contain height limita

tions • 
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In addition to building codes, compliance with the National 
Electric Code will be an overriding concern during both design and 
installation of photovoltaic systems, although the code does not directly 
address photovoltaic panels. Sections covering photovoltaic systems are 
being developed, and are expected to be included in the 1984 version of 
the National Electric Code. Areas of special concern during design 
include lightning protection, ground fault interrupters, isolation of all 

• 

live electrical parts, and grounding of the inverter, power conditioning ~ 

equipment, and all exposed metal parts (ref. VII-7). Since 1 ive parts 
operating at 50V or more shall be guarded against contact during instal-
lation, and photovoltaic panels can be active during daylight instal-
lation periods, special installation requirements will have to be 
developed. 

A general review of municipal-level building codes is not 
possible given the variations that exist. It will be necessary to review 
local ordinances before designing any site-specific solar application. 

3. Liability and Insurance 
Designers of PV-T systems, manufacturers of system components, 

retailers of components, and contractors who install the systems, are 
requ i red to use reasonable care in des i gn, manufacturi ng, test i ng, and 
distribution of their products. They are required to incorporate avail-
able safety devices into their products and to provide adequate warnings 
of hazards associated with their products. They are also required to 
furnish adequate installation and instructions for use of their product. 
If injury to a person or damage to property results from the installation 

• 

or use of thei r. product, they may be he 1 d 1 i ab 1 e. The theori es of • 
product liability that may be applied to solar systems are: 

(1) strict liability 
(2) express warranty 
(3) implied warranty 
(4) negligence 
(5) misrepresentation 
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The current lack of standards and codes for solar components and systems 

and the limited experience with operating systems, makes it difficult to 
determine what is reasonable, available, and adequate. This general lack 
of experience and certainty affects the cost and availability of product 

liability insurance. Coverage is available as part of the comprehensive 
general liability policies held by businesses. The cost of that coverage 

is currently based on an estimate of risk derived from similar products 

and ultimate ly, on the carri er I s judgment. Insurance costs will be 

adjusted to reflect actual risk as experience is gained. 

It should be noted that some states currently require product 
warranties for solar components used if solar systems are to qualify for 

tax incentives and rebates. A recent study of solar components warran

ties found them to be in violation of applicable federal law and, in some 

cases, subjecting manufacturers to excessive liability (ref. VII-B). 

This type of problem may unfavorably affect insurance rates in the near 

future. 

Profess i ona 1 1 i ab i 1 ity insurance, 1 ike product 1 i ab i 1 ity 

insurance, will be affected by the untried nature of PV-T systems. Since 

no increase in profess i ona 1 1 i abi 1 ity insurance has been experi enced by 

professionals involved in the design of solar thermal systems, it is rea

sonab 1 e to assume that an undue burden will not be placed on those 
des i gni ng PV-T systems. If, however, these systems present prob 1 ems, 

rates wi 11 ri se. 

The owner/operator of a PV-T system is also liable for property 
damage and personal injury that might be caused by their system. In this 

area, there are di fferences between the way i ndustri a 1 and commerci a 1 

systems will be handled. Many industrial plants currently generate a por

tion of the electricity they use. Commercial buildings, as a rule, do 

not, although some hosp ita 1 s do have emergency generators. Insurance 
companies can draw upon a related experience and existing data in deter

mining rates for industrial PV-T systems. The only area which might 

cause concern is the utility interface. The possibility exists for 

injury to ut il ity line workers when the ut 11 ity owner is down and the 
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photovoltaic system continues to feed into the grid. Insurance for com

mercial applications may be more complicated. 

Commercial buildings are usually accessible to a larger number 

of people who would legally be classified as invitees (persons invited 

onto the property, including customers to retail stores and service 

establishments, students and teachers in schools, patients and medical 

professionals in hospitals, office workers and their clients in office 

• 

buildings, etc.). An owner must warn invitees of any dangerous condi- • 

tions and take positive actions to protect invitees from injury. Com-

merical establishments. in general, have less experience than industrial 

facilities in isolating and monitoring hazardous substances and equip-

ment. The public ownership of many commercial buildings being considered 

for photovoltaic applications is another complicating issue. Liability 

insurance will probably be available as an extension of existing 

coverage. The carrier is likely to review safety features of the system 

and to investigate fully the uti 1 ity interface. If experience shows 

liability to be high, a rider to the basic policy may be used in the. 

future. 

Both commercial and industrial systems will also require insur

ance aga i nst loss. We ll-eng i neered systems with approved e 1 ectri ca 1 and 

structural components should be insurable at rates comparable to building 

insurance. Stand-alone systems with no utility back-up would require 

insurance against downtime, which may be more difficult to obtain. The 

long-term effects of corrosion on industrial systems may affect insurance 

rates in the future. 

B. ECONOMIC ISSUES 

1. Tax Incentives 

Tax incentives for solar energy outlays are constantly 

changing. Federal tax credits have not changed in the last year, but are 

currently being questioned in public statements concerning the Federal 

budget. Of the 13 Western states, seven modified their 1980 solar use 
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incentives in 1981. Each state has its own solar legislation. Local 
incentives, such as favorable industrial bond treatment, must be 
considered on a site-specific basis. In determining how tax incentives 
will influence the cost of a PV-T system, time and site must be con

sidered. 
At least one firm, Solar Energy Products, Inc., has found 

current tax laws to offer tax write-offs as high as 93 percent, and typi
cally 81 percent. Their analysis of applicable tax laws showed that a 
corporation in the 50 percent marginal income tax bracket is entitled to 
depreciation allowances and credits which equal deductions equivalent to 

$40,714 on the purchase of a $50,000 solar system, and 81 percent effec
tive write-off in the first year. Their data indicate that solar energy 
systems are a good tax shelter and a cost effective business investment 

(ref. VII-9). 
Clearly, tax incentives will strongly influence the actual cost 

of PV-T systems, but there are other factors to be cons i dered. Not a 11 
industries are in need of tax shelters and the variable nature of the 

legislation may mean that the effective write-off is reduced between the 
decision to design a system and its construction. 

2. Investment Criteria 
There has been little incentive for an industrial plant manager 

or commercial business manager to invest in a PV-T system, even when it 
could be shown that a solar system was competitive with conventional sys
tems on a life-cycle basis. The availability of investment capital and 
the high cost of capital are major concerns to industry and commerce . 

Investments must meet stringent pay-back criteria, often of 3 to 5 years 
or.less (ref. VII-IO). Solar technologies require high front-end invest
ments, and benefits are only apparent when life-cycle cost accounting 

techniques are used, rather than the usual industrial practice of 
required payback period. 

Plant managers and business executives are accustomed to pur
chasing energy on an annual basis with minimal front-end investment 
costs. Methods of financing solar systems which provide a market 
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mechanism to make this possible, may side-step the payback criteria 

hurdle. A study of financing options showed that both conventional 

leasing and solar management company/limited partnership arrangements 

have advantages (ref. VII-ll). Leasing does not require a large initial 

capital investment by the system user. The lessor has investment tax 

credits and accelerated depreciation benefits which may be passed on to 

the lessee in the form of low rents, while the lessee's payments are 

• 

directly tax deductible. Solar management company/limited partnership • 

• 

agreements (currently used to finance commercial buildings and other 

1 arge construct i on projects) have s imil ar advantages to 1 eas i ng in that 

the user is not responsible for purchasing equipment. The user pays only 

for delivered energy, which is a tax deductible expense. This type of 

arrangement will require some government assistance to attract equity 

investors. Legislation would be necessary to exempt investments in 

industrial or commercial solar systems from the at-risk provision in pre-

sent U.S. tax 1 aw, but a precedent has been estab 1 i shed in the current 

exemption for real estate investments. 

Other legal actions could favorably influence solar economics. 

Conventional fuel sources, particularly coal, natural gas, and heavy fuel 

oil, are often st ill i nexpens i ve enough to render so 1 ar energy noncompe

tit i ve even on ali fe-cyc 1 e cost bas is. The cost of foss il fue 1 and 

purchased electricity is tax deductible as a business operating expense. 

Similar amounts of energy from an onsite PV-T system or from the conser

vation efforts likely to accompany solar installations are not. Estab-

1 i shi ng so 1 ar-deri ved energy on equal tax terms with convent i ona 1 fue 1 s 

would improve the economic comparisons. 

3. Prototype Nature of Photovoltaic Systems 

PV-T systems are new, and lending institutions have no history 

on which to base risk evaluations. The system's depreciation value, 

resale value, salvage value, and useful life, are all important consider

ations and all will be difficult to quantify. For example, if the tech

nology is sound, the resale value may be higher than initial costs, but a 

component failure or a corros i ve environment may great ly reduce usefu 1 
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1 ife. Each PV-T system is 1 ike ly to be a uni que investment ri sk for a 

lending institution. The conservative nature of lending practices may 

lead to stringent terms. 

C. UTILITY INTERFACE 

The utility interface has been given the status of a separate insti

tutional issue. It represents an area of considerable economic 

importance with unsettled legal questions and definite need for further 

techni ca 1 deve lopment. Fi nanci a 1 cons i derat ions of PV -T energy systems 

usually depend upon sell ing excess generated electricity to a publ ic 

utility. The Public Utilities Regulatory Policies Act (PURPA) requires 

e 1 ectri c ut i 1 it i es to interconnect wi th independent producers, and to 

purchase power generated by the independent producer at the highest rate 

which does not discriminate against its current customers. This act is 

be 1 i eved by many to guarantee a market for excess e 1 ectri city generated 

on weekends and hol idays when a commercial or industrial facil ity wi 11 

not use its full photovoltaic potential. 

A recent Supreme Court decision upheld the constitutionality of the 

PURPA, challenged in a Mississippi State court one year ago. Principal 

to the decision for renewable energy interests was the unanimous support 

of the controversial Section 210, which mandates utilities to interconnect 

and pay reasonable "avoided-cost" rates for electricity produced by 

small, independent power producers. 

Problems with util ity interface are not uniform nationwide. Some 

util it i es have encouraged independent power gene rat i on and have 

cooperated in a very positive manner with commercial and industrial PV-T 

facil ities. Part of the util ities I reluctance to interface with inde

pendent power generators may be attributed to unresolved technical 

issues. There has been a 1 imited amount of effort devoted to under

standing and resolving the technical issues of widespread photovoltaic 

i ntegrati on and even 1 ess effort devoted to understandi ng the ways in 

which photovoltaic systems will interact with other distributed 
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generat ion devi ces, such as wi ndmi 11 s. The major areas of concern i den
tified in a recent comprehensive review of distributed photovoltaic 
systems were (ref. VII-12): 

1. Protect i on 
To minimize damage and risk of injury and to ensure reliability 

of service, guidelines for overvoltage, overcurrent, and over- and under
frequency protection of the power conditioning subunit and the uti 1 ity 

• 

need to be estabil i shed. Some gu i de 1 i nes on protect i on requ i rements for • 
dispersed independent generators have been formulated by individual 
utilities, but these guidelines are general and may not be sufficient if 
multiple generators interconnect with the utility. 

2. Stabi 1 ity 
Initial studies with individual photovoltaic systems indicate 

source stability (ability to maintain synchronous operation after a dis
turbance) problems. The impact of multiple photovoltaic interconnections 
on bulk system stability can be predicted using existing techniques, but 
this has not yet been done. 

3. System Unbalance 
Si ngl e-phase photovo lta i c systems may accentuate unba 1 ances in 

system voltage and current. Allowable voltage unbalance is approximately 
2 percent. The procedures to calculate unbalances are available, but the 
necessary inputs such as phase and line voltages, currents and impedance 
are difficult to obtain. 

4. Voltage Regulation 
Ut il ity systems must rna i nta i n proper vo ltage wi th ina narrow 

band. Photovo lta i c systems connected to the utility can interfere with 
voltage regulation by changing the flow of reactive power. There is not 
a standard definition of reactive power under non-sinusoidal conditions. 
Changes to utility d i stribut i on systems wi 11 have to be made if proper 
voltage cannot be maintained after photovoltaic interconnections are 
made. The cost of any changes would probably be passed on to the photo
voltaic system owner. 
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5. Harmoni cs 

Utility systems must also operate within a limited band of 

fundamental frequency for voltage and current. Any harmonics present can 

adverse ly affect system ope rat i on and its loads. Photovo lta i c systems 

will produce harmonics in both current and voltage due to the DC/AC con

version process. 

6. Employee Safety 

Proper guidelines need to be developed to cover installation of 

photovoltaic arrays (modifications to the National Electrical Code) and 

operation of the systems to protect owners and utility personnel. Of 

part i cu 1 ar concern is the abil ity of 1 i ne-commutated inverters to feed a 

utility system during a utility outage. 

7. Meteri ng 

Meters must be modified since they are inaccurate under 

non-sinusoidal conditions. A cost/benefit analysis of alternatives 

should be performed. 

8. System Planning 

The preced i ng concerns i nd i cate that independent photovo 1 ta i c 

generat i on will have both economi c and techni ca 1 impacts on ut il it i es. 

The rapid power fluctuations caused by solar transients will complicate 

maintenance of system continuity if there are multiple interconnections. 

Planning for photovoltaic systems must preceed design of future distri

bution systems. 

These issues should be considered in assessing the true cost of 

a PV-T system which is interfaced with a utility. 

D. HEALTH AND SAFETY 

PV-T systems share many safety prob 1 ems with convent i ona 1 therma 1 

and electrical systems used in industrial and commercial situations. 

Some aspects are unique to solar energy systems and must be recognized 

and dealt with during deSign, and subsequently, during operation. In 

particular, when the sun is shining, a photovoltaic system is on and 

generating electricity. A solar system should be designed, bUilt, and 
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operated to prevent the creat i on of hazards from the so 1 ar system wh i ch 

are greater than the hazards without the system. The safety prob 1 ems 

wh i ch may be uni que to a PV-T system are in the areas of fi re safety, 

physical hazards, component toxicity and disposal, overtemperature and 

overpressure protection, product contamination,and vandalism. 

1. Fire Safety 

The heat transfer fluids used in solar systems are often flam

mable or produce flammable products upon decomposition. Nonflammable 

fluids such as water or water-glycol mixtures are preferable for use in 

PV-T systems from a fire safety standpoint. If flammable transfer fluids 

are used, it is advisable to use them below their flash pOints, although 

the ability to pump at low temperatures, or vapor pressure character

istics, may be important considerations in choosing a heat transfer fluid 

for a particular application. The flammability and flame-spread charac

teristics of insulating materials used, particularly in conjunction with 

the selected heat transfer fluid, need to be analyzed. Insulation that 

wicks heat tans fer fluids may result in large soaked areas which are 

readily oxidized. In retrofit applications, materials near the system, 

such as roofing, should be analyzed to see if aging has affected their 

flammabi 1 ity. Intense irradiance can create a fire hazard zone. Such 

zones must be kept free of combustibles. The flammability of dry vege

tation can present problems to ground-mounted systems. 

Beyond the use of flammable materials in or near PV-T systems, 

the system may increase fire hazards by 1 imit i ng access to other struc

tures or by serving as a lightning path. These factors can be eliminated 

during design. Roofs of commercial buildings, land adjacent to schools, 

and the parking lots of hospitals, are often important features in 

existing fire safety plans. Existing emergency plans should be reviewed 

during design of any retrofit, and modified before construction begins. 

Well-grounded lightning protection is a must. 

The provision for fire safety equipment will reduce damage if a 

fire occurs. A total ki 11 switch which stow the collectors, breaks the 

circuit, and shuts down fluid flow is necessary. This will reduce the 
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supply of fuel if the transfer fluid is flammable and reduce heat in the 

entire system. Separate sprinkler systems or foam units may be advisable 

for some system components (steam generator, battery storage area). 

Proper fire extinguishers (dry chemical for oil-based transfer fluids) 

should be located at several accessible stations to contain small fires 

quickly. Berming ground-mounted systems and fluid storage tanks is 

recommended • 

PV-T systems are new, therefore, new procedures should be esta

blished for fire prevention and control. Both employees and the local 

fire department should to be trained to use the available fire safety 

equipment. Regular employee drills will ensure that recently hired per

sonne 1 are fami 1 i ar with procedures. Acces i bi 1 ity of the system to fi re 

equipment and egress paths for employees from all identified problem 

areas must be kept in mind during system installation and subsequent con

struction. Frequent inspection by fire prevention experts wi 11 help to 

i dent ify and remedy potent i a 1 prob 1 ems. Peri od i c revi ew of operat i ng 

systems as the technology base expands, will identify generic problems if 

any occur. 

2. Physical Hazards 

The physical hazards specific to photovoltaic systems are hot 

surfaces and fluids, concentrated sunlight, breakable glazing, and elec

tri ca 1 shocks. Co 11 ectors cannot be covered to prevent hot surfaces or 

to isolate glazing; therefore, protection against accidental burns and 

cuts must depend upon securi ng the entire system from unauthori zed per

sonnel, warning labels to increase vigilance of employees, and intensive 

employee education. Sunlight, either reflected off surfaces and glazing, 

or concentrated by reflectors or lenses, can cause annoyance and injury. 

The effects of glare from back pane 1 s and supports shou 1 d be cons i dered 

in design and placement of the array. Scalding by hot fluids can occur 

if there are leaks. This hazard is aggravated by large amounts of 

piping. Continuous monitoring, the ability to isolate sections, and 

remote control to stow collectors and drain affected piping should mini

mize the physical hazards for leaks. Electrical shocks are minimized by 
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proper drainage under the .co 11 ector fi e 1 d, i so 1 at i on of the system from 

untrained personnel, and adequate maintenance to reduce the possibi 1 ity 

of component failure. Underground conduits could provide additional 

safety for ground-mounted systems. 

Physical hazards may also result from the structural design of 

the system. Wind loads must be carefully considered in design and during 

operat i on to reduce the hazard from parts b 1 owi ng free and/or debri s 

damaging an operating system. Automatic stow at critical windspeeds may 

be necessary. Static loads such as snow mu st also be cons i dered to pre

vent breakage or overstressing of components. Early morning operations 

may demand extra caut i on if snow or ice bu il d-up can fa 11 from heat i ng 

roof-mounted collectors onto passers-by. 

Hazards associated with the maintenance of photovoltaic systems 

can be reduced by following OSHA safety and health standards with respect 

to working surfaces, ladders, personal protective equipment, etc. Pro

tective clothing, first aid stations, showers, and eyewash units, should 

be provided for the solar system. These facilities may not be found in a 

commercial building and may be too far from the system access point in an 

industrial setting. There are no specific OSHA standards directed toward 

the use of solar systems. Lock-out switches, which prevent operation of 

trackers, and circulating pumps during maintenance, further protect 

workers. The protection of ut il i ty 1 i ne workers mu st be cons i dered in 

design of the utility interface. 

3. Component Toxicity and Disposal 

Heat transfer fluids are generally toxic. Even water may 

contain rust inhibitors or biocides. The exact formulation of the heat 

transfer fluid should be known. Its toxicity should be quantified in 

terms of ingestion, skin contact, inhalation (both vapor and decomposi

tion products), and eye contact. Any change in the fluid during use 

(biological degradation, corrosion products, etc.,) should be recognized. 

This information, and first-aid instructions should be readily available 

in case of an emergency. Posting information with the local poison 

control center is advisable. In commercial applications, storage of heat 
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transfer fluid should be carefully planned to avoid possible public 

contact. Disposal of the heat transfer fluid should be planned in 
advance and in compliance with local and federal toxic waste regulations. 
Ethylene glycol has a useful life of less than 2 years in most applica
tions. Flushing several systems at the same time into a single treatment 
system could lead to interruption of normal biological treatment acti
vities. Insulation, or other materials which have become contaminated 
with a toxic fluid should be disposed of in compliance with toxic waste 

regulations. 
Storage batteri es, wh i ch mi ght be cons i dered to ba 1 ance e 1 ec

trical loads, contain toxic components. Battery maintenance and disposal 
is not unique to photovoltaic systems and should be handled according to 

established procedures. 
4. Overtemperature and Overpressure Protection 

Unlike conventional systems, PV-T collectors are on whenever 
the sun shines and electricity and heat are generated constantly. Stag
nation caused by system breakdown, flow blockage and flow imbalance, can 
lead to development of excessive temperatures in the thermal parts of the 
system during periods of high irradiation. Excessive temperatures can 

degrade the heat transfer fluid, damage mechanical and electrical compo
nents, lead to outgassing from hot piping and insulation, cause ruptures 
from increased pressure, and increase the fire hazard. Return of flow 
after maintenance or breakdown can cause thermal shock damage. 

To avoid overpressure, pressure relief valves should be instal
led in every piping section that can be isolated in any way. Discharge 
from the valves should be safely collected to avoid damaging other 
materials or equipment. To avoid overtemperature,'emergency stow opera

tions should be automatic and as fail-safe as possible. Specific 
provision may have to be made to monitor systems during industrial shut
downs, commercial holidays, and following storms. 

Two types of failure of the coolant system may occur: 1) loss 
of flow in which the coolant stagnates in the receiver tube and 2) a 
break in the coolant line such that coolant drains out of the receiver . 
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The rece i ver temperature for E-Systems 1 i ne focus Fresne 1 co 11 ector is 

shown versus time for each of these failures in figure VII-I. Calcu

lations were also made for an operational failure and a disabled array. 

For an operational failure the cells are in focus, the coolant system 

malfunctions, and the collectors cease tracking but fail to stow so that 

the beam walks off the cells. For a disabled array, the cells are ini

tially at ambient temperature because the collectors are not tracking. 

In this case, the beam focuses on the cells and walks off due to the 

sun's motion. 

In the event of loss of flow but continual tracking, the stag

nation temperature may reach 4660 C (S70°F), as shown in figure VII-2. 

These figures were supplied through the courtesy of E-Systems, Inc. and 

are published here with their permission. 

5. Contamination of Product 

Product contami nat i on can occur direct ly through sp ill age or 

leakage of heat transfer fluids into processing, manufacturing, or 

storage areas; or indirectly, through carryover of fluids from incomplete 

clean-up or vaporization. Failure of the system, particularly in food 

processing industrial appl ications, can result in product contamination 

because proper process temperatures were not achieved. Physical, 

chemical, and biological contamination are possible also. Contamination 

can affect pal atabil ity and wholesomeness of food, can soil or degrade 

nonfood items, such as textiles, .and can cause spoilage in both 

industrial and commercial environments. 

Area contamination can occur from leaks in work areas or from 

venting heat transfer fluid fumes or components outgassing. Odors, eye 

irritation, and general respiratory discomfort can result in cessation of 

activitie~ in an affected area until the source of contamination is 

located and clean-up completed. 

Double separation through double-walled heat exchangers, 

plate-type heat exchangers, and heat exchangers in series, is recommended 

for food process i ng app 1 i cat ions. Peri od i c tests for 1 eakage into the 

intermediate fluid should be performed. Water supply contamination must 
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Figure VII-I. PV-T Receiver Heat-Up Curves for Two Types of Failure 
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be rigorously controlled through back flow preventors in systems using 

water make-up. Commercial facilities should be cautious in the locating 

of air conditioning intakes near solar systems. 

6. Vandalism 
The general public will be attracted to PV-T arrays because the 

technology is novel. This will be a greater problem with commercial 

systems than with industrial applications since industrial sites often 

have well-developed security systems. Access to roof-mounted arrays 

shou 1 d be 1 imited and fenci ng shou ld adequate ly i so 1 ate ground-mounted 

systems from curious individuals. Public education and demonstrations may 

offset vandalism of publicly-owned systems. To date, vandalism has not 

been a major problem with solar systems. 

E. ENVIRONMENTAL 

Environmental issues, in general, are not unique for PV-T systems. 

Some jurisdictions now require that solar energy options be considered 

when new construction is being environmentally assessed. Land use for 

ground-mounted systems probably has the largest impact. Certain circum

stances might require the preparation of comprehensive environmental 

impact assessments, including public controversy concerning the use of a 

PV-T system in a publicly-owned commercial building, large systems 

designed to serve several facilities and to operate as a central power 

station, and siting of a particular system where aesthetics are ques

tioned (a PV-T system for the White House). The magnitude and 

significance of generic environmental issues are dependent on the tech

nical design, site-specific location, surrounding environment and 

operat i ng characteri st i cs of the system. Several envi ronmenta 1 issues. 

such as hazardous substance disposal. have been covered in other sections 

of the chapter. Only issues not previ ous ly di scussed will be ment i oned 

here • 
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1. Land Use 

Land use must be considered in siting of an array. Site-

specific land use factors include latitude, longitude, elevation, topo

graphic features, existing structures and land use patterns, and meteoro

logical data. These factors determine available insolation. Proposed 

site developments will influence system life from both shadowing and pol

lution; this must be considered in initial design. The amount of land 

available (or roof space) is more 1 ikely to determine system size than 

the reverse, and array des i gn and process energy requ irements determi ne 

land required for siting. Widespread use of solar systems may lead to 

decentralized growth in some areas or place undue burdens on available 

servi ces in others, but these 1 and and use affects must await greater 

employment of the technology. 

2. Microclimate Effects 

Any construction activities can have adverse effects on the 

local environment through vegetation removal, loss of wildlife habitat, 

erosion of cleared land, stream silting and blowing dust. Ground-mounted 

systems have greater potential for damaging the environment. Once con

struct i on is completed, a new mi crocl imate wi 11 have been deve loped. 

Ground-mounted systems may increase local runoff, attract reptiles 

seeking warmth and shelter, require regular vegetation control, and may 

change the actual climate (temperature, humidity, insolation) near them. 

Roof-mounted systems generate fewer effects, since the bu ildi ng 

supporti ng them produced the major changes. Roof-mounted systems may 

provide bird habitats too, and can increase the temperature in the air 

space around them. 

The microclimate or immediate environment around the collectors 

should also be considered during siting of a solar system. Industrial 

microclimates can be very corrosive. Emmissions of sulfate, nitrates. 

and other acid-forming compounds is common. Siting near process vents is 

a questionable practice. A recent study of solar industrial process heat 

systems found a correlation between accumulation of deposits (including 

dust, protein, and sugars) and proximity to vents (ref. VII-13). 
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Industrial pollution, clay soils dusts, low precipitation, and thermal 

cycling, all seem to contribute to persistent soiling of collector 

surfaces. Commercial environments may not be much better. Automobile 

pollution, local light industry, pigeons, construction dust and spray 

from air cond i t i oni ng cool i ng towers can rapi dly obscure a collector. 

Regular cleaning of collectors may create its own soil and water pol

lution problems. In arid regions, regular cleaning will certainly 

increase problems with vegetation control. 

3. Electro-Magnetic Interference 

One area of potential environmental sensitivity and public 

safety (especially with photovoltaic systems located near airports), is 

interference with e 1 ectroni c devi ces used in communi cat ions and nav; ga

tion systems. The source of electromagnet i c interference (EMI) is so 1 i d 

state power converters, which convert direct current (DC) power generated 

by the photovoltaic system to alternating current (AC) power. Proper 

photovoltaic system design may mitigate this problem by encapuslating the 

power converter device. Power inverters should conform to EMI standards 

specified in Military Standard (MIL-STD) 461-A entitled "Electromagnetic 

Interference Characteristics, Requirements for Equipment, 9 February 

1971" and MIL-STD-462 entitled "Electromagnetic Interference Character

isits, Measurement of 9 February 1971". 

4. Aesthet i cs 

A high-technology image is usually not out of place in an 

industrial setting. Commercial applications may, however, encounter 

resistance to the appearance of PV-T collectors arrays. There is no easy 

answer to aesthetic disapproval. Elicting public opinion early in the 

decision making process is essential to the smooth application of new 

technologies. Acceptance of new concepts is usually gradual. Pushing a 

visually unacceptable system may lead to expensive vandal ism after the 

project is completed and operating • 
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