Solar-Powered/Fuel-Assisted
Rankine-Cycle Power and Cooling-
System: Simulation Method and
Seasonal Performance

The subject of this analysis is a solar cooling system based on a novel hybrid steam
Rankine cycle. Steam is generated by the use of solar energy collected at about
100°C, and it is then superheated to about 600°C in a fossil-fuel-fired superheater.
The addition of about 20-26 percent of fuel doubles the power cycle’s efficiency as
compared to organic Rankine cycles operating at similar collector temperatures. A
comprehensive computer program was developed to analyze the operation and
performance of the entire power/cooling system.. Transient simulation was per-
formed on an hourly basis over a cooling season in two representative climatic
regions (Washington, D.C. and Phoenix, Ariz.). One of the conclusions is that the
seasonal systemi COP is 0.82 for the design configuration and that the use of water-
cooled condensers and flat-plate collectors of higher efficiency increases this value

N. Lior
K. Koai

Department of Mechanical Engineering
and Applied Mechanics,

University of Pennsylvania,
Philadelphia, Pa 19104

to 1.35.

1 Introduction

As compared to most of the other Rankine-cycle concepts
for generating power from low-temperature (<150°C) solar
energy sources, which are characterized by using organic
working fluids and powered by solar energy alone (see reviews
in [1-5]), the concept described here uses steam in a hybrid
solar/fossil-powered cycle. The principle of this concept is the
clevation of the top cycle temperature by superheating the
steam to improve cycle efficiency, and use of energy from two
different temperature levels to provide better thermodynamic
matching with the energy sinks in the cycle. Since the boiling
of the water is accomplished at relatively low temperatures
(around 100°C), about 80 percent of the heat can be supplied
by solar collectors at this relatively low temperature, and the
remaining 20 percent needed for superheating (up to about
600°C) can be supplied by fossil fuel (see analyses in [1, 5-7]).
These analyses have shown that at the same time the efficiency
of the Rankine cycle is essentially doubled when compared to
that of organic fluid Rankine cycles that operate at similar
solar collector temperatures, from about 9 to about {8 per-
cent. Since the solar collectors account for a major fraction of
the total system’s cost (typically more than a half), of most
significance is the fact that this hybrid cycle, named SSPRE
(Solar Steam Powered Rankine Engine, pronouned ‘espree’),
was found in the aformentioned studies to require only about
half the collector area as compared to cycles using organic
fluids, and to operate at a lower collector temperature at that.
At present collector and fuel prices, the SSPRE concept has a
major economic advantage. Rising fuel costs and possibly
declining collectors costs may change this situation, but at
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such time solar concentrators are expected to become suf-
ficiently economical so that they may replace fossil-fuel
superheating, for an all-solar operation. Here again, the
principle of matching energy sources and sinks of similar
temperature allows the use of low-temperature, low-cost
collectors to supply the major portion of the energy (latent
heat), and the use of a small quantity of high-temperature
higher-cost concentrators to supply the superheat.

The SSPRE system with application to solar cooling has
been under analytical and hardware development at the
University of Pennsylvania for a number of years, (testing is
due to start soon) and its flow diagram is shown in Fig. 1.
Heat recovery within the cycle is obtained by a regenerator

Rankine Cycle Chitler
A A

Salar Colector

Exhoust

Aif o Water Coaling

Super-
hebier

Regensrator
2 4 Condenser

 Expansion
T Yalve
TR AA

Chilted
Water

Electrical Motor

Thermal
Energy
Storage

Air o Water Cooling

Fig. 1
(SSPRE) driving a vapor-compression chiller

The solar-poweredifuel-superheated steam Rankine cycle

Transactions of the ASME

Copyright © 1984 by ASME

Downloaded 05 Mar 2012 to 158.130.78.155. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfrr



NPUT
{ CooLmg Laan

| & Wearsen
| Dara_erow |
L SERL

R
]

MAIN

PROGRAM |~

|

L
{ ouTPU T‘I

_TRNSYS 7
Type ] Cowtecwn

Tree 2 Pose ControLisn
Trre 3 Puwe

Tree 9 Cara Rexotr

Trpe 13 Revier Valve

Tre 16 Raowrion Phecessod
Trre 24 Inrecnaton

Tore 25 Paren

Tree 26 Botren

- CHILLER S

Lo REGENERATOR e
-~ ECONOMIZER -

4 T URBI’EJ’E” g

|

|| TYPE 29 SSPRE
L SYSTEM
CONTROL

-~ SUPERMHEATER

170

INTERFACE WITH
TRNSYS

-~ RANKINE CYCLE -

BLOCK

~ CONDENSER -

= STORAGE e

[ PRESSURE DROP !

PR

for)

T

—t H
| pe
IR

|
i
i

COMPONENT SUB-
ROUTINES

THERMAL
PROPERTY
PACKAGE

OF STEAM,
WATER, AIR

Fig.2 Structure of the SSPRE program

and economizer. At present, its power output of 30 hp (at
design) is intended to drive a commercial open-compressor,
25-ton (nominal) vapor compression chiller. Since low-
horsepower commercial steam turbines operate at low ef-
ficiency, typically below 50 percent, a novel 30-hp, radial-
flow, 10-stage turbine with 25-cm-dia counterrotating rotors,
which utilizes reaction blading, was designed and built [8].

This type of hybrid cycle is not confined to solar energy or
solar cooling, but retains its advantages when used with any
low-temperature energy sources, such as waste heat or
geothermal heat (see [9-12]), and can be designed to produce
power at rates up to those of conventional utility power
plants.

A comprehensive computer program was developed for
transient analysis of the operation and performance of the
entire power/cooling system and simulations were performed
on an hourly basis for a 4-month cooling season in two
representative climatic regions, for a number of system
configurations. The computer program and the results of the
analysis are described below.

2 System Modeling

2.1 The General Method. Each system component was
described by a separate subroutine to compute its per-
formance from basic principles, and special attention was
given to the parasitic losses, including pumps, fans, and

pressure drops in the piping and heat exchangers, and to the
description of off-design performance of the components.
The needed thermophysical and transport properties of the
fluids used here were also described as a function of the in-
dependent parameters, in separate subroutines. The input to
the program consists of the system’s configurational and
operational parameters, such as geometry and materials of
components, temperature bounds, and hourly cooling load
and weather and insolation data. The output consists of the
values of state parameters of the system, the status of all
components (say off or on), and the various performance
criteria (such as efficiencies and coefficients of performance).
These values are obtained for each time increment, and also
integrated for a desired period. As constructed, the program
allows the examination of the system’s performance for
practically arbitrary configurations, loads, and climatic
regions.

New subroutines were developed to calculate the per-
formance of all Rankine cycle components, the thermal
storage, the chiller, the control strategy, and the fluid
properties and were combined into program ‘“‘SSPRE.” The
program TRNSYS [13] was used to determine the per-
formance of the solar loop (collectors, pump, controls, etc.)
as well as for some utility functions, and was linked to
““SSPRE.”’ The structure of the overall program is shown in
Fig. 2.

Nomenclature
A, = surface area of thermal storage tank
A, = free surface area of water in flash-tank
storage
B = coefficient of evaporation rate, from [21]
FUEL = fuel mass flow rate to superheater, (kg/hr)
h = enthalpy
HFUEL = total heat value of fuel supplied to
superheater, (FUEL)e(Lower Heating
Value), (kJ/hr)
HLOAD = cooling load, (kJ/hr)
HPFAN = fan power for air-cooled condenser in
Rankine cycle, (hp)
I = insolation, kJ/hr-m?
MLOAD = total cooling load handled by the back-up
electric motor, (k)
m, = steam flow rate in Rankine cycle, kg/hr
N = number of operating hours of the back-up
electric motor
P = pressure
POWER = turbine power output, (hp)
PWMAX = power output from ideal turbine with 100

percent efficiency, (hp)
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PWMOT = back-up electric motor power, (hp)
QCON = heat transfer in condenser, #1,(hg—h),
(k3/hr)
QEC = heat transfer in economizer, #ig(h; —hg),
(kJ/hr) .
QLOSS = heat loss through thermal storage tank in-
sulation to ambient, (kJ/hr)
QOVER = total energy discarded by the relief value, (kJ)
QREG = heat transfer in regenerator, ni,(hg —Hh;),
(kJ/hr)
QSUP = heat transferred to steam in superheater,
m (hs —hy), (kI/hr)
RAD = solar radiation flux incident on the collector
surface, kJ/m? hr
RLOAD = total cooling load handled by the Rankine
engine, (kJ)
t = time
T = temperature
Ten = temperature of water at inlet to collectors
T = temperature of water at outlet from
collectors
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The new subroutines are briefly described below. More
detail is provided in [14]. Since the turbine, superheater, and
regenerator have been described elsewhere [7, 8], their
description would not be repeated here. All the subroutines
were validated, both by a manual calculation and by com-
paring to manufacturers’ data.

2.2 Component Modeling.

2.2.1 The Rankine-Cycle Condenser. An air-cooled, fin-
tube condenser was modeled to include two sections in series:
a desuperheating section occupying a fraction F, of the total
tube length, followed by a condensing section. The procedure
is conventional, following [15, 16], to calculate the condenser
effectiveness, total heat transfer rate, and condensation
temperature and pressure, as a function of steam and air-mass
flows and inlet conditions, and of the condenser’s con-
figuration.

The air-side heat transfer coefficients were obtained from
[17]. Pure convection heat transfer coefficients for the in-
ternal steam flow in the desuperheater section are provided
for both laminar and turbulent regimes, to allow proper
calculation for any combination of independent variables.
The internal condensation heat transfer coefficient is
calculated following [18].

The solution is iterative: (/) the air-side heat transfer
coefficients are calculated for the airflow, air temperature and
pressure, and condenser geometry; (if) the weighted fin ef-
ficiency is then obtained; (fif) the steam-side heat transfer
coefficient is calculated for the desuperheater section; (iv) the
condensing temperature, and after assuming F, also the
overall heat transfer coefficients, effectiveness, and heat
transfer rates, are calculated for both the desuperheating and
condensing section; (v) the quality of the fluid at
desuperheater exit is calculated, and if it is higher than a given
value (2.5 percent used here), a corrected value of F, is
assumed and steps (iv) and (v) repeated till convergence.

2.2.2 The Economizer. After transferring some of its heat
in the regenerator and before it comes to the condenser, the
turbine exhaust steam transfers more heat to preheat the
condensate. The latter process takes place in the economizer,
which is a shell and tube (multipass) heat exchanger, with
longitudinal fins on the tubes’ exterior where the steam flows.
Both here and in the regenerator, the effectiveness, total heat
transfer rate, outlet temperatures, and internal pressure drops
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Fig. 3 Thermal energy storage tank schematic

of both streams are calculated as a function of the steam and
water mass flows and inlet states, and of the heat exchanger’s
configuration. The calculation is conventional [15, 16], but
somewhat more complex than in the regenerator, because of
the different phase of each stream and of the existence of fins.

2.2.3 Thermal Storage. The thermal storage proposed for
the SSPRE cycle consists of water heated by circulation
through the solar collectors (Fig. 1). The hot water in the
storage tank is allowed to flash into steam by reducing the
pressure there. The flashed steam drives the turbine and
recirculates into the tank after it is condensed. The method
allows the use of the same fluid, water, for the storage and the
power cycle, and minimizes heat exchanger penalties
associated with most other storage methods. It has been
widely used in Europe in the past (mostly in a process plants
and steam locomotives) {19], and some renewed interest was
expressed in the last decade (see [20]).

The analysis was developed for two alternative methods of
supplying solar heat to the tank: a direct one, where the tank-
water is circulated through the collectors (Mode 1), and one
which separates the tank’s water from that circulating
through the collectors by a heat exchanger (Mode 2). The

TFUEL, THFUEL, THLOAD, THPFAN, TQCON, TQEC,
TQLOSS, TQOVER, TQREG, TQSOP, TPOWER, TP-
WMAX, TPWMOT, TRAD, TYAUX, TYCHIL, TYMOT,
TYPOWER, TYPUMP, TYSOL, TYTANK = The first
letter T in all these variables indicates the total integrated
value, over the time period considered, of the parameter
defined by the remaining letters following the T.

TOTAL = total power applied to chiller’s compressor =
TPOWER + TPWMOT
U = overall heat transfer coefficient
YAUX = Rankine cycle parasitic energy (kJ/hn),
containing the energy consumption by two
pumps (one in collector loop, the other in
Rankine loop) and two fans (one in
superheater, the other in condenser).
YCHIL = energy consumption by the condenser fan in
the chiller, (kJ/hr)
YMOT = back-up electric motor power, (kJ/kr)
YPUMP = power demand by Rankine cycle pump,
(kJ/hr)
YSOL = net solar energy gain by the water in the

collectors, (kJ/hr)

144/ Vol. 106, May 1984

YTANK = energy supplied to cycle from storage tank,
mg(hs —h,), (kI/hr)
Greek
AP = pressure drop
¢, = condenser effectiveness
¢, = economizer effectiveness
¢, = regenerator effectiveness
n, = electric energy generation and transmission
efficiency
Tmotor = efficiency of electric motor
Subscripts
Eq = final equilibrium vapor pressure in thermal
storage flash tank
REN = return of water from power cycle to thermal
storage tank
SA = saturation conditions in thermal storage tank
1-10 = refer to cycle states as described in Fig. 1

Transactions of the ASME
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Fig. 4 Chiller performance. Chilled water in: 54°F (12.2°C); chilled
water out: 44°F (6.7°C); cylinder loading fraction = 100 percent.

calculation provides the transient steam generation rate i,
and water and steam temperatures and pressures (Tga, Psa)
as a function of tank and heat exchanger geometry, rate of
heat input from the solar collectors {collector loop mass flow
rate /1, inlet and outlet temperatures Tren, Tcp, Topn), and
heat loss rate from the tank wall to the ambient (at ambient
temperature 7 4).

The basic configuration of this thermal storage system is
shown in Fig. 3. The analysis uses in Mode [ the transient heat
balance equation

thA

M =, (hep —hsa) = UA(Tsa ~Ta) +hy (1)
The left-side term expresses the rate of heat storage in the tank
that contains a mass of water M, and the terms on the right-
hand side express the heat added from the collector loop, the
heat loss through the tank’s insulation, and the heat hj

carried away with the evolving steam respectively.
(2)

where, by using the correlation from [21], the mass flow rate
of steam 1, is

hp=mgs(hren —Hsa)

g =BA Tg, “O5(Pgy = Pgy) 3)

In Mode 2, the first term on the right-hand side of equation
(1) is replaced by the term Ug Ap [(Tep + Ten)/2— T4l
where Ug, and Ag, are the overall heat transfer coefficent and
area of the internal heat exchanger, respectively.

The first-order differential equation in either mode is
solved by a modified-Euler method (first-order predictor-
corrector algorithm), with the initial value given.

2.2.4 Pressure Drop. Pressure drops are calculated both in
the heat exchangers and in the interconnecting pipes, as a
function of the flow channel geometry and roughness, and
fluid flow rate, temperature, and pressure. The conventional
equations (see [22]) are used for laminar or turbulent flow.
Additionally, it is possible to substitute a manufacturer’s
pressure drop versus flow rate relationship into subroutines
which compute the pressure drops in heat exchangers. This is
particularly useful for units with complex flow geometries.

2.2.5 Pump and Fan Power. Based on the predetermined
pressure drop, fluid flow rate, and device efficiency, the
power demand of the pumps in the Rankine cycle and the
collector loop, of the combustion air blower in the
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Fig.5 Logic flow diagram of the SSPRE system program

superheater, and of the Rankine cycle condenser fans is
computed.

2.2.6 Chiller. Since an air-cooled commercial chiller was
planned for use with the SSPRE cycle, the manufacturer’s
data {23] were converted to a subroutine which computes its
performance (refrigerating capacity QCAP, chilled water
flow rate, and compressor power demand COMPKW) as a
function of the ambient temperature 7,,,, compressor
rotation speed, cylinder loading fraction (%), and chilled
water inlet/outlet temperatures. The chiller’s capacity may be
controlled by varying the compressor’s speed (1200-2000
rpm; 1750 rpm nominal) and by unloading cylinders (up to
three of the five cylinders may be unloaded). A typical per-
formance chart for 100 percent loading is shown in Fig. 4.

2.2.7 The Control Strategy. Knowing the hourly cooling
load and ambient conditions (input), the chiller subroutine is
called to determine the compressor-speed/unloading com-
bination that demands the least amount of power from the
SSPRE cycle. Keeping the inlet temperature to the turbine
constant at the maximum of 600°C, the turbine subroutine is
called to determine the required steam inlet pressure and flow
rate to provide the desired power. This could be obtained in
practice by modulating the steam valve at the exit from the
storage flash-tank. Work is being done at present to extend
this scheme to seek the optimal (energy or economic) turbine
inlet pressure-temperature combination which supplies the
desired shaft power.

Once the steam flow rate and conditions are thus known,
the superheater subroutine is called to determine the fuel flow
rate, and the condenser subroutine is called to determine the
cooling fan power needed to condense the steam. Whenever

MAY 1984, Vol. 106/ 145



the Rankine cycle/storage system is unable to supply the
power needed by the chiller’s compressor, or when resource
energy saving cannot be attained, the back-up electric motor
is turned on to drive the compressor, and steam flow to the
turbine is stopped.

2.3 Computation Logic. The sequence of computation and
it logic, based on the subroutines and control strategy
described above, is displayed in Fig. 5. Energy balances are
performed both on individual components and on the whole
system, as an added measure to ensure that the results are
correct.

2.4 Major Performance Parameters. Apart from com-
puting the hourly and integrated values of the various energy
inputs and outputs in the system, a number of energy frac-
tions and performance criteria are determined, as described
below.

Energy fractions':

e Solar Energy: ZSOL = YSOL/SOTIN O]
where SOTIN is the total resource energy used:
SOTIN = YSOL + HFUEL + E/, (%)
and E is total electric energy used:
E=YAUX+ YCHIL +YMOT 6)
® Fuel energy: ZFUEL = HFUEL/SOTIN )
e Electric energy: ZE = £ /SOTIN 8)

e

Further, ZF can be split into

YAUX
e RC parasitic: ZAUX = /SOTIN C)
e
YCHIL
e Chiller parasitic: ZCHIL = /SOTIN (10)
Me
ZMOT
e Backup motor: ZMOT = /SOTIN (11

Ne

The percentile contribution of the Rankine engine:
In terms of total cooling load?:

{ Total cooling load handled by the Rankine engine}

e GjCL= —
! Total cooling load of the building
RLOAD
e 2
THLOAD 12
In terms of total power demand by the compressor:
. RC= Total power supplied by the turbine
Total power demand by the compressor
_ YPOWER (13)
" YPOWER + YMOT
Efficiencies:
Collector:
® .o =TYSOL/TRAD (14)

Thermal efficiency of the Rankine cycle

Turbine work output
o ZRANK = P

Net energy gain in Rankine cycle

B TYPOWER
" TQSUP+TYTANK + TYPUMP

TTerms undefined in the text are defined in the Nomenclature.

2The prefix T indicates the total integrated value, over the specified period,
of the parameter HLOAD, This convention is used throughout the paper.
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B {ri1 (hs — hg)dt as)
§ig[(hs —hg) + (s — hy) + (hy — hyg)ldt
All subscripts of enthalpies refer to Figs. 1 and 6.
Overall Rankine cycle efficiency:

Turbine work output

¢ OZRANK= "o oo oo oo
(Total energy input including parasitic energy}
B TYPOWER (16)
" TYTANK + THFUEL + TYAUX
Rankine cycle resource efficiency:
TYPOWER
®e OZRANR= -2 " (]7)

TYTANK +THFUEL + TYAUX/7,

Coefficients of Performance (several definitions are used,
because of the mix of energy inputs):

Chiller COP excluding parasitic power to fan:
Total cooling load
[ Total power demand by the compressor }

B THLOAD
" TYPOWER + TYMOT
Chiller COP, including parasitic power to fan:

° COPNF=

(18)

e COP= Total cooling load

Total power demand by the compressor
and the parasitic power of the chiller

3 THLOAD
" TYPOWER+TYMOT + TYCHIL

Overall system COP based on total energy input, including
all parasitic energy:

(19)

Total cooling load
Total energy input
THLOAD
~ TYSOL + THFUEL 1 TYAUX + TYCHIL + TYMOT
Overall system COP based on resource energy input:
Total cooling load (THLOAD)

e OCOPP=

(20)

® OCOPP=
Total resource energy input (SOTIN)
B THLOAD
" TYSOL + THFUEL + (TYAUX + TYCHIL + TYMOT)/x,

@1

Overall system COP based on total energy energy con-
version excluding all parasitic energy:

Total cooling load

e OCOPS= ;
Total net energy conversion

B THLOAD
" TYTANK + TQSUP + TYPUMP + TYMOT
Overall system COP based on total thermal energy input:

22)

Cooling load handled by Rankine engine
Total thermal energy input

N RLOAD
T TYTANK + TQSUP

The percentile resource energy saving:

Here total energy saving is evaluated as compared with the
same chiller driven entirely by an electric motor. Normalized
by the total energy consumption of the electric chiller system,
the percentile resource energy saving is computed as follows:

® OCOPT=

23)

Transactions of the ASME



TYMOT+TYCHIL+TYAUX

TYPOWER + TYMOT+ TYCHIL } {
0.33

+ THFUEL}
0' 37]!!]0(0[

s 7ZSAV =(100%)

{ TYPOWER + TYMOT + TYCHIL}

0' 3 77“1(){0(

(TYPOWER — TYAUX = 0.3, THFUEL }
TYPOWER + TYMOT + TYCHIL

= (100%) (24)
The electric energy saving:

For an economic analysis, which compares the energy cost
of an electrically driven chiller with that operated by the
SSPRE system, only the electric energy saving (EES) needs to
be evaluated against the fuel consumption in the superheater
(THFUEL).

Total electric energy
e EES= | used by motor-driven
chiller system

used by SSPRE

Total electric energy
system

B { TYPOWER +TYMOT + TYCHIL }

Nmotor

{ TYMOT +TYCHIL + TYAUX }
7’[“0[01’

_ TYPOWER-TYAUX

(25)

T] motor

3 Results

3.1 Conditions and Configuration for the Runs. Hourly
weather, insolation, and cooling load data for a small office
building with a 25-ton nominal cooling load were obtained
from a SERI tape [24] and runs were performed for a 4-month
(May-August) cooling season for two different climatic
regions. Washington D.C. was selected to represent a
Northeastern city which has moderate sunshine (64 percent
summer sunshine) and moderate cooling load (1080 annual
cooling hrs). The Phoenix commerical load represents the
high end for a Southwestern city, with the highest percentage
of summer sunshine (84 percent) and the largest number of
cooling hours (2750 annually).

The “‘base-case’’ system configuration consisted of 37 m?
water for storage, a regenerator having a heat transfer area of
14.9 m?, an economizer with a finned area of 17.6 m?, and an
air-cooled condenser with a finned area of 763 m? (31.8 m?
for the tubes alone). 200 m? of solar collectors characterized
by the equation?

7—} - TH
Neoy = 0.391 ~4.579<~—~1~——> 26)
where the slope is in (kJ/hr m? °C), were used. The collector
has the following incidence angle modifier K,

Angle of
incidence deg Keor
0 1.000
15 1.070
30 1.130
45 1.104

The superheater is gas-fired and has a heat transfer area of

3Sun Master DECS8A, all data according to [25]
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0.73 m? in a parallel-flow furnace section, and 4.23 m? in a
counterflow convection section®.

The chiller was described in Section 2.2.6.

A relief-valve subroutine in TRNSYS was used to limit the
temperature in the storage tank to a maximum of 130°C.

3.2 Transient Performance. To demonstrate a typical set of
operating conditions; the temperatures, pressures, and
pressure-drops for one of the runs are shown in Fig. 6. It is
noteworthy that the pressure drops reduce the available steam
pressure ratio across the turbine by 9.3 percent, and thus
reduce the power output by a similar percentage. This effect
was seldom, if ever, considered in past analyses but, as shown
here, should not be ignored.

To attain basic understanding of the process, the transient
energy interactions and temperatures were examined. Figure
7(a) shows the hourly values for a typical day in Washington,
D.C., and Fig. 7(b) is for Phoenix, Arizona. The shown
hourly cooling load and sum of energy flows from the fuel,
the storage tank and the parasitic and backup electric energy,
also allow the easy determination of the hourly or averaged
overall system COP. Figure 7(b) shows that the backup motor
was engaged between 13:00 and 15:00.

Figure 8(a,b) shows the variations of the temperature and
total energy in the storage tank on a typical day. The decrease
of stored thermal energy corresponds to the heat extraction
from the storage during the system’s normal operation. In
Fig. 8(b) it can be seen that the tank restores its temperature
and total energy between 13:00 and 15:00, when the backup
motor is in operation.

Figures 9(a,b) and 10(a,b) show the daily results for a
typical week and reflect the fact that there is no cooling load
in the office building on weekends, during which time the
thermal storage is recharged by continuing collection of solar
energy.

The seasonal energy inputs and load are shown, month by
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Fig. 6 Typical steam temperature, pressure, and pressure-drop
(through the heat-exchangers and a total 3 m equivalent length of 2.5-
in.-i.d. pipe)

4 A unit like this was built to the University of Pennsylvania specifications by
Trane Thermal Co., Conshohocken, Pa.
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Table 1 Detailed simulation results for the base-case 8SPRE/cooling
system for a four-month cooling season
r Hashington, DC Phoenix, A7 !

Parameter Units May June Jul August { Totai Hay June July August Total
TFUEL kg 189.9 199.3 2571 233.8 880.1 3137 316.0 2540 341.2 1224.9
THFUEL 106kJ 9.517 9.981 3.752 11.710| 39.960 15.72 15.83  12.73 17.10 61.38
TYAUX IOékJ 0.781 0.631 0.63% 1.004 3.081 0.562  0.617 ©.589 0.724 2.492
TYCHIL 106kJ 3,437 3.762 3.762 3,762 1 14.720 3.728  3.762  3.728 3.762 14.980
THPFAN np-hr | 224.9 160.4 159.6 301.8 846.7 31.90 77,75 89.32 120.80 319.77
TPONER hp-ihr 2103 2180 1869 2479 8631 2956 2836 2222 3016 11030
TPUMOT hp-hr 1321 1067 1890 1387 5665 797.17 2576 3375 2728 94761
TOTAL hp-hr 3424 3247 3759 3866 14296 3783 5412 5597 5744 20506
TYPOWER XDGkJ 5.648 5.855 5.020 6.658 | 23.180 7.939  7.616 5.967 8.100 29.620
TYMOT 106y 3.548 2.866 5.078 3.7251 15.210 2.141  6.918  9.064 7.326 25.450
TYSOL 165k 25.95 29.72 25.71 L 1ass 47,8%  42.57 40.36 46.20 177.02
TRAZ 106kd 102.74 119.60 100.00 111.30 | 433.60 161.7 148.3 1440 188.2 612.2
THLOAD 106k 16.56 33.38 45.03 45,52 | 140.50 40.89  55.63 61.46 61.32 219.50
RLDAD 106k9 13.24 23.58 23.65 33.02 93.49 36.03  38.79 47.95 36.89 159.66
MLOAD 106k 3.325 9.797 21.380  12.500] 47.000 4.96 16,90 13.51 24.43 59.80
TPUMAX hp-hr 2860 2996 2581 3423 11860 4053 3878 3032 4114 15077
TYTANK 106kJ 26.19 29.02 24.88 32.83 | 112,90 44,12 39.84 30.80 a1 155.87
Tasue 108kd 7.402 7.835 6.812 9.066| 31.1200 11.83 11.43 9.03 12.14 44.70
TGQREG IOGkJ 4.500 5.460 4.592 5.971 20.520 8.576  6.856 5.070 6.650 27.152
TREC lOﬁkJ 1.714 1.5907 1.689 2.250 7.560 3.264 3.088 2.430 3.22% 12.000
TOCoN 106k 28.46 3.5% 21.17 35.87 123.06 48.41 44.03  34.06 45,43 171.93
TqQLosS \Oékd 0.876 0.823 0.788 0.829 3.6 0.958 0.910  0.946 0.932 3.696
TQOVER ]OékJ 1) 0 Q 0 Q o 0.108  3.828 0.892 4,328
€, 4 76.% 8.2 76.7 76.0 76.9 74.0 69.3 67.3 67.2 69.8
o 4 67.2 68.0 67.3 66.9 67.3 65.4 £2.5 61.3 61.2 62.7
£ b4 70.0 72.6 70.7 69.8 70.6 72.7 10.7 69.0 69.0 760.5
RC E 61.42 67.3% 49.72 64.12 60.37 78.76 5Z2.40 39,70 52.51 53.79
L b4 79.92 70.65 52.23 72.54 £6.55 87.90  69.65 78.02 60.16 72.73
] 46 54 9z 52 244 22 66 50 53 9

month, in Fig. 11(a,b), and the cooling load satisfied by the
SSPRE is shown in Fig. 12(a,b). 66.6 percent of the total
seasonal cooling load is satisfied by the SSPRE in
Washington, D.C. and 72.7 percent in Phoenix, Arizona.
Listed below the monthly bars in Fig. 11(a,b) are the monthly
operating hours of the backup motor.

3.3 Seasonal Performance. The seasonal performance of
the system in the “*base-case” configuration is summarized in
Tables 1 and 2. Several observations are noteworthy:

® As expected, when the electric energy used by the backup
motor is included in the definition of the system COP, the fact
that the efficiency of conversion of electric energy to cooling
is higher than that of thermal energy to cooling make the COP
increase with the fraction of the total energy supplied by this
motor and may thus be misleading for evaluating solar-
powered systems.

e The seasonal efficiency of the power cycle remains about
double that of organic fluid cycles operating at similar solar
collector temperatures.

® The COP of this base-case configuration is similar to or
better than other solar cooling systems operating with the
same collectors, chiller, and air-cooling (see {26, 27]).

e Although the needed collector investment in the
SSPRE/cooling system is significantly lower than that for
other solar cooling systems, the savings in electric energy
consumption (and cost) in this ‘‘base-case’’ configuration are
rather modest and reflect the economic weakness charac-
teristic to existing solar cooling system in general.

3.4 Improved System Configurations. To examine the
potential improvement of the system’s performance,
simulation runs were made for the month of August in
Phoenix, Arizona, where the ‘‘base-case’’ configuration was
altered by replacing the evacuated collectors with higher
efficiency flat-plate ones, and the air-cooled power-cycle
condenser by a water-cooled one.

Three cases with following configurations were studied:

e Case 1: The ‘‘base-case’® evacuated-tube collector (see
section 3.1) with a water-cooled power-cycle condenser.
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Table 2 Major results for the four-month simutation (May-August) of
the base-case SSPRE/cooling system
Washington, OC Phoenix, AZ

- Total Resource Energy used, (106kJ):

Solar Energy TYSOL 112.6 177.02
Fuel Energy THFUEL 39.96 61.38
Electric Energy E/ne 32.98/0.3 42.92/0.3
- Energy Fractions
2S0L 42.9% 46.4%
Solar Energy ZFUEL 15,23 16.1%
fuel Energy z 415z 37.5%
Electric_Enerqgy . .
Total 100% .
ZE;
RC parasitic ZAUX 3.9% 2.2%
Chiller parasitic ZCHIL 18.7% 13.1%
Back-up motor M0T 19.3% 22.2%
« % Contribytion of Rankine Cycle
To Total Caoling Load ZCL 66.5% 72.7%
To Total Power Demand %RC 60.4% 53.8%
+ Collector Efficiency ol 0.260 0.28%
» Thermal Efficiency of ZRANK n.158 0.146
Rankine Cycle
+ Qverall Rankine Cycle QZRANK 3.149 0.135
Efficiency
+ Rankine Cycle Resource OZRANR 0.142 0.131
Efficiency
+ Chiller COP excluding COPNF 3.66 3.99
Condenser Fan
« Chiller COP with cop 2.65 3.13
Condenser Fan
+ Overall System COP based on
Total energy input ocopp 0.757 4.780
Resource energy input 0COPR 0.627 0.575
Net energy conversion 0COPS 0.877 0.967
Thermal energy input 0COPT 0.649 0.796
- % Resource Energy Saving ISAY 22.1% 20.33%
. Electric Energy Saving (10%J)  EES 28.76 38.75
{kW-hr) (7989} (10764}

e Case 2: Higher-efficiency flat plate collector, with the
‘‘base-case’’ air-cooled power-cycle condenser.

e Case 3: Higher-efficiency flat-plate collector with a
water-cooled power-cycle condenser.

To simplify the analysis, and since only an upper bound
was sought for the improvements, it was assumed that the
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steam condensation temperature in the water-cooled con-
denser is the ambient dry-bulb temperature as read on an
heurly basis from the meteorological data for Phoenix in
August. For a similar reason, the incidence angle modifier of
the higher-efficiency collector K,;, was assumed to be unity.
The collector’s efficiency equation was®

————T' T“) @7

where the slope is in (kJ/hr m? °C). It is noteworthy that the
peak efficiency of this collector is twice as high as that of the
one described by equation (26), but its slope is about three
times higher,

The major results of the runs are compared to those for the
‘“‘basecase’’ in Table 3. By reducing the turbine back-pressure,
water cooling (Case 1) increases the power cycle efficiency by
23.3 percent, which results also in an increase in the power
cycle’s contribution for satisfying the cooling load, and in
significant increases in the resource energy saving ZSAV (56
percent), and electric energy saving EES (32.4 percent). The
observed decreases in the coefficients of performance OCOPS
and OCOPP are due to a decrease in the use of the electric
backup motor, as explained in section 3.3 above.

In Case 2, the collector’s average efficiency is 15.4 percent
higher. The Rankine cycle’s efficiency, however, remains
essentially unchanged, because the top cycle temperature is
kept the same (600°C). Since the thermal storage obtains
more energy with these collectors, the Rankine cycle’s con-
tribution to driving the compressor increases, and so does the
electric energy saving (+ 18.8 percent).

Combining both water-cooling and the higher-efficiency
collectors in Case 3, results in an 85.5 percent increase in
resource energy saving (ZSAV) due to the significantly higher
contribution of the Rankine cycle, and a 56 percent increase in
electric energy saving. The corresponding increase in fuel
consumption for the superheater (THFUEL) is only 25.3
percent.

The results in Table 3 also demonstrate that the combined
use of water cooling and higher-efficiency collectors provide
performance which is better than that obtained by increasing
the collector area by 50 percent. For example, the electric
energy saving is larger by 15 percent, and the fuel con-
sumption is reduced at the same time by 9 percent.

Further improvements in system performance can be
obtained by using a chiller with a higher COP, by reducing the
parasitic fan power, and by an optimal system control
strategy. The latter is the subject of continuing research at the
University of Pennsylvania. The impact of the two former
methods can, however, be approximately assessed as follows:

1 Fan power use in the chiller’s air-cooled condenser is
significant and is calculated by the assumption that all fans
are in operation whenever the chiller is on. Normally,
however, the fan power would be lower, either by adjusting
the fan power to the condensing need, or by better condenser
or fan design. If all fan power was eliminated, the chiller
performance would have increased by a factor of
(COPNFE/COP). Seasonally, this is 1.380 for Washington and
1.275 for Phoenix. If, as observed in many commercial in-
stallations, only half of the fans are in operation (on the
average), the potential improvement factor is 1.19 for
Washington and 1.14 for Phoenix, or 1.165 average.

2 In an analysis of a similarly sized chiller by Carrier [26],
it was stated that the type of chiller used in the simulation had
a seasonal COPNF of 4.7 (when averaged between New York
and Phoenix). The chiller simulated here had an average
COPNF of 3.8. Using the higher-performance chiller would
have thus improved the COPNF by a factor of (4.7/3.8) =
1.24,

Neoll =O.78“ 1419(

> Corresponding to an Ametek Co. flat-plate collector
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Table 3 Relative changes of performance due to the introduction of a
higher-efficiency collector and water-cooling of the power-cycle
condenser

Co}\lggztcr Base-Case Value, Acoﬂ,b 1.5 Acnll,b
Parameter Parameter Change, in ¥, for Case Number:
1 2 3 3
ZRC + 25.9 7.1 + 46.5 + 1.8
3CL + 20.2 +12.2 + 33.5 + 6.8
'-‘coﬂ + 1.6 + 15,4 +18.6 +21.5
OZRANK + 23.3 + 0 +23.3 +19.7
oLePs - 2.8 - 2.4 - 13.2 + 10.6
acoep + 0.6 - 10,5 - 10.3 +19.7
ISAV + 56.2 + 19.6 + 85.5 + 38.6
THFUEL + 7.3 +17.9 + 25,3 - 9.0
EES +32.4 +18.8 + 56.0 +15.0

For the month of August, the overall base-case system
COP, including all losses, OCOPP, was 0.85 (as averaged
between Phoenix and Washington). Consequently, by a
reduction of chiller fan power, and by using a better chiller,
the OCOPP may rise to (0.85)(1.165)(1.24) = 1.23.

The use of a water-cooled chiller will result in an additional
improvement of ~ 10 percent, as shown above and in [23].
This may boost the OCOPP to 1.35.

4 Conclusions

e A comuter program was successfully developed for the
transient simulation of hybrid solar-powered/fuel assisted
power/cooling systems, based on comprehensive modeling of
all of the system’s components. The program allows easy
change of component configuration to evaluate the system’s
performance sensitivity.

e Based on transient simulation, the seasonal thermal
efficiency of the proposed Rankine system with the evacuated
tube collector and air-cooled condenser (the base-case) is 15.8
percent in Washington, D.C. and 14.6 percent in Phoenix,
Arizona. The thermal efficiency of the Rankine system with
the water-cooled condenser (Case 2), is 17.9 percent for the
month of August in Phoenix, for both types of collectors
considered, as compared to 15.0 percent for the same month
with the base-case configuration.

e The overall Rankine cycle seasonal efficiency based on
total energy input, including the parasitic power, is 14.9
percent in Washington, D.C. and 13.5 percent in Phoenix for
the basecase. By using the water-cooled condenser (Case 2),
this value is elevated to 16.5 percent for August in Phoenix (as
compared to 13.4 percent for the same month, base case).
Again, it is the same for both types of collectors

® The overall system COP based on total net energy
conversion, excluding parasitic energy, the seasonal
(OCOPS), was found to be 0.88 in Washington, D.C. and
0.97 in Phoenix for the base case (air-cooled condenser,
evacuated tube collectors, and a chiller with a seasonal COP
= 3.7).

e The overall system COP based on total energy input,
OCOPP, in Phoenix is 0.816 for the basecase, 0.82 for Case 1,
and 0.73 for Cases 2 and 3. Reduction of the chiller con-
denser’s fan power to the practical value of 1/2 of that
assumed in the simulation, the use of a higher performance
chiller (COPNF = 4.7 as in [26]), and water cooling can
increase the OCOPP to 1.35 (average value between
Washington and Phoenix for August). Implementation of a
water-cooled condenser and high-quality flat-plate collectors
create a performance improvement which is superior to that
created hy adding 50 percent more of the evacuated collector
area to the base case.
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