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THEORETICAL INVESTIGATION OF AN
AMMONIA-WATER POWER AND
REFRIGERATION THERMODYNAMIC
CYCLE

V. POPA! C. POPA!

Abstract: A combined thermal power and cooling cycle proposed by
Goswami is under theoretically investigation. The proposed cycle combines
the Rankine and absorption refrigeration cycles, using a binary ammonia—
water mixture as the working fluid. This cycle can be used as a bottoming
cycle using waste heat from a conventional power cycle or an independent
cycle using low temperature sources such as geothermal and solar energy.
For a solar heat source, optimization of the second law efficiency is most
appropriate, since the spent heat source fluid is recycled through the solar
collectors. The optimization results verified that the cycle could be optimized
using the generalized reduced gradient method.
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1. Introduction

Multi-component working fluids in
power cycles exhibit variable boiling
temperatures during the boiling process
which make them suitable for a sensible
heat source [6]. The temperature difference
between the heat source and the working
fluid remains small to allow for a good
thermal match between the source and
working fluid, such that less irreversibility
results during the heat addition process.
Anovel ammonia—water binary mixture
thermodynamic cycle capable of producing
both power and refrigeration has been

proposed by Goswami (1998). An
ammonia—water mixture is used as it
exhibits desirable thermodynamic

properties in terms of a large heat capacity.
Ammonia is relatively inexpensive, can
accommodate system design modifications

well and separates easily from internal
lubricating oils. Ammonia is also
environmentally benign in comparison to
other binary mixtures used in industry. A
schematic of the cycle is shown in Fig. 1.
The relatively strong basic solution of
ammonia—water leaves the absorber as
saturated liquid at the cycle low pressure.
It is pumped to the system high pressure
and is preheated before entering the boiler
by recovering heat from the weak solution
returning to the absorber. As the boiler
operates between the bubble and dew point
temperatures of the mixture at the system
high pressure, partial boiling produces a
high concentration saturated vapor and
relatively low concentration saturated
liquid. The liquid weak solution gives up
heat in the recovery unit and throttles into
the absorber. The rectifier condenses out
water to further purify the vapor, by
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rejecting heat to a secondary strong
solution stream, before entering the boiler.
The vapor is superheated and expanded
through the turbine to produce work. Due
to the low boiling point of ammonia the
vapor expands to low temperatures
yielding the potential for refrigeration.

The vapor is finally absorbed back into
the liquid, giving off heat as the cycle heat
output. The main parameters that can be
varied to influence the cycle are the heat
source temperature, system high pressure,
basic solution mass fraction, and absorber
pressure and temperature. Saturation in the
absorber reduces the number of
independent main parameters to four that
govern the cycle. Rectifier and superheater
temperatures can also be modified, and the
conditions of heat transfer from the source
to the ammonia—water mixture as well.
The cycle can be driven by different heat
sources including solar, geothermal, and
low temperature waste heat. The use of
mid- and low-temperature solar collectors
to drive the combined cycle was
investigated by Goswami and Xu (1999),
while using geothermal energy as a heat
source was analyzed by Goswami et al.
(2001). Typical working conditions of a
400 K boiler temperature superheated to
410 K and an ambient at 280 K yields a
first law efficiency of 23.5%. In
comparison, the Carnot efficiency is 31.7%
in operating between reservoirs at 410 and
280 K.

2. Theoretical study

A parametric analysis is performed to
assess individual parameter effects on the
performance of the ideal cycle, and to
verify that optimization is possible.
Optimization of the cycle locates the
operating conditions for the optimal ideal
cycle performance. Inclusion of losses in
ersibility  analysis  approaches  the
performance of a real cycle.
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Fig.1. Schematic of power and cooling
cycle

2.1. Parametric analysis

Operating conditions were individually
varied in a straightforward parametric
analysis to study the effects on the energy
transfers and efficiencies of the power and
cooling cycle [4]. The parametric analysis
gave insight into the behavior of the cycle,
and showed that optimization of the cycle
would be possible for first or second law
efficiency, as well as work or cooling
output. Fig. 2 is a sample of the parametric
study, showing a peak in thermal
efficiency within the range of operation.
The cycle first law or thermal efficiency is
defined as the useful energy output divided
by the total energy input, given by Eq. (1).

_ Wnet + Qc
Oy

The net work includes both the turbine
output and pump input. Q. is the
refrigeration capacity and Q, is the total
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heat added to the cycle from the heat
source in both the boiler and superheater.
These are calculated based on simple mass

and energy balances over the cycle
components.
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Fig.2. Effect of turbine inlet pressure on
the cooling capacity, {kj/kg]

Fig. 2 shows that for higher ammonia
mass fractions in the basic solution, more
vaporization occurs for the given boiler
temperature and pressure. A higher vapor
fraction allows for greater flow through the
turbine, and more work production for a
higher thermal efficiency.
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Fig. 3. Effect of turbine inlet pressure on
the thermalefficiency of the cycle

Fig. 3 concludes that more vapor is
available for refrigeration output also, per
kg of basic solution that is boiled.

For increasing turbine inlet or system
high pressure, the figures show that the
work and cooling outputs  peak.
Determining the location of these peaks is
necessary a priori to optimize a working
system’s performance.

Initially, increasing the system high
pressure while holding other parameters
constant increases the pressure ratio across
the turbine, such that there is more expansion
work and lower turbine exit temperatures.
However, the effect of the higher pressure
limiting vapor production begins to dominate
as the boiler exit fluid is shifted towards
saturated liquid. The peak shifts for higher
basic solution mass fractions as a two-phase
equilibrium can be sustained at higher
pressures for higher mass fractions.

Figures 2 and 3 were evaluated for a
boiler at 400 K, superheater at 410 K,
absorber at 280 K and rectifier at 360 K.
The low pressure in the system at the
absorber was set at 2 bar. For practical
operation, the cycle has several parameters
that are varied together, presenting a multi-
dimensional surface on which an optimum
can be found. A mathematical approach at
locating this optimum is necessary, as the
resulting surface cannot be visualized.

2.2. Optimization

For a solar heat source, optimization of
the cycle for maximum second law
efficiency is most appropriate as the heat
source fluid is recycled back to the solar
collectors at a temperature that is higher
than the ambient. The unused exergy is
not wasted. Exergy, or availability, is
defined as the maximum reversible work
a substance can do during the process of
reaching equilibrium with its
environment.
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Fig. 4. Efficiencies of the optimizedcycle at
various heat source temperatures,
optimized for second law efficiency

The second law efficiency is defined as
the exergy output divided by the exergy
input to the cycle [1]. The exergy input is
taken as the available energy change of the
heat source. The exergy output is the
exergy of the net work and the exergy of
the refrigeration. The second law or exergy
efficiency is given by Eq. (2).

_ Wnet + Ec

A, 2

P

The exergy of refrigeration, E., is the
refrigeration capacity divided by the
coefficient of performance of a Carnot
refrigeration cycle operating between the
ambient and cycle low temperatures, as
given by Eq. (3).

(To _Tc)
E =0, T 3)

c

2.2.1. Optimization methodology

A generalized reduced gradient (GRG)
scheme is used for the optimization [5].
The GRG method searches a feasible
region bounded by equality and inequality
constraints. Moving finitely towards a
better value with a newly determined
search direction at every step, the optimum
is ultimately reached within a limit of
convergence.
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Fig.5. Pressure ratio of the optimized
cycle various source temperatures,
optimized for second law efficiency

The optimization scheme searches over
eight free variables for the optimal second
law efficiency as defined by Eq. (2). The
parameters are the absorber or ambient
temperature, boiler, superheater and
rectifier temperature, the boiler pressure
(high pressure), absorber pressure (low
pressure), and heat source inlet and exit
temperatures. From these eight free
variables all other state points in the cycle
can be determined with minimal and
reasonable assumptions.

2.2.2. Optimization results

The desired heat source temperature will
vary according to the intended use of the

cycle. The effects of heat source
temperature on the optimized cycle
performance are shown in Figs. 4-7,

optimized for second law efficiency. The
refrigeration as a fraction of the heat
addition, Q.=Qy, changes little as the heat
source temperature increases as shown in
Fig. 4. As the heat source temperature
approaches the ambient temperature,
refrigeration approaches zero.
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Fig. 6. Ratio of refrigeration to work of the
optimized cycle at various heat source
temperatures, optimized for second law

efficiency

The highest refrigeration fraction is near
a source temperature of 390 K. The
refrigeration fraction decreases to zero
near 480 K, as the higher temperature
vapor can no longer be expanded to sub-
ambient temperatures. The net power as a
fraction of heat addition, W,=Q,
increases as the heat source temperature
increases. As the turbine work output is
related mainly to the pressure ratio across
the turbine, the net power curve can be
explained in relation to pressure ratio in
Fig. 5, which shows a continuous increase
with heat source temperature. The first law
efficiency curve, which is a sum of the
refrigeration and power curves, shows
similar behavior to the power curve up to
the maximum value of 23.6% at 400 K.
After the maximum point, the efficiency
starts decreasing slowly in a similar
manner to the refrigeration curve.

The second law or exergy efficiency
shows a maximum value of 65.2% at 380
K. The sharp increase in Fig. 4 of the
second law efficiency between 320 and
380 K is due to the increase of both power
and refrigeration outputs. The second law
efficiency reaches a maximum where the
refrigeration output begins to decrease
above 400 K.

Fig. 6 shows the refrigeration to net
power ratio versus the heat source
temperature. In the temperature range
between 320 and 360 K this ratio changes
rapidly, while above 360 K the ratio
decreases slowly, reaching 0.12 at 460 K.
Thus, increasing the heat source
temperature favors the production of
power rather than refrigeration.
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Fig. 7. Exergy destruction of the
optimized cycle at various heat source
temperatures, optimized for

second law efficiency

Fig. 7 shows the normalized exergy
destruction in the cycle as a function of the
heat source temperature. The total exergy
destruction in the cycle increases with an
increase in the heat source temperature. It
can be seen in Fig. 7 that the exergy
destruction in both the absorber and heat
exchanger changes little as the source
temperature increases. The superheater has
almost no exergy destruction because of its
small heat load. The boiler exergy
destruction is much lower than that of the
absorber. Exergy destruction in the
rectifier increases throughout, as the
heating load also increases in the rectifier.
From the exergy analysis, if the heat
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source is between 320 and 460 K, then the
best operating heat source temperature is
around 380 K, since it gives the maximum
exergy efficiency. It has been shown that
the cycle can be optimized for a range of
heat source temperatures. Similarly, the
cycle can be optimized for each heat sink
or ambient temperature, and other
parameters. Therefore, the cycle can be
customized to the intended application for
optimal performance.

2.3. Irreversibility analysis

In realistic  systems, there are
irreversibilities associated with every
component as with this ammonia—water
cycle. These irreversibilities will have
negative effects on the performance of the
cycle. The effects of each loss were studied
individually and jointly on the cycle
performance. Typical working conditions
used in this analysis were 400 K and 30
bar at the boiler exit, 360 K rectification,
410 K at the turbine inlet, 280 K and 2 bar
in the absorber, and a basic solution mass
fraction of 0.53.

A typical turbine efficiency of 90% was
assumed as suggested in the literature [2].
The thermal efficiency drops from 23.3%
to 19.7%, a decrease of 15.4%. Due to the
irreversibility in the turbine, although the
pressure ratio is the same, the exhaust
temperature of the turbine is higher. Less
energy is converted into mechanical work
in the turbine, and the turbine work output
drops from 76.1 to 68.5 kW, a decrease of
10.0%. At the same time, a higher turbine
exhaust temperature provides less cooling
capacity. The cooling capacity drops
29.2% from 26.0 to 18.4 kW. An 80%
pump efficiency was assumed as suggested
in the literature [2]. The pump work
requirement increases from 3.4 to 4.2 kW.
This small increase causes the thermal
efficiency to drop slightly. A pressure loss
of 5% of the inlet pressure was assumed

across the boiler. The results show this
pressure loss has almost no negative effect
on the cycle performance. Only slightly
more pump work is required to boost the
boiler inlet pressure to compensate for the
pressure loss in the boiler. A pressure loss
of 5% was assumed for the superheater.
The results show only a minor negative
effect on the cycle performance. Thermal
efficiency decreases by 3% of that in the
ideal cycle, from 23.3% to 22.6%. Due to
the pressure loss in the superheater, the
turbine inlet pressure drops. Therefore, less
expansion is possible producing 1.2% less
work and higher exhaust temperatures. The
cooling capacity decreases by 6.5%. A
pressure loss of 5% was assumed for both
streams in the recovery heat exchanger.
The effects on the cycle performance are
minimal, with a negligible decrease in
thermal efficiency owing to an increase in
the pump work requirement. A pressure
loss of 5% was assumed in the
refrigeration ~ heat  exchanger, for
comparison to other component pressure
losses. The thermal efficiency drops by
2.6% from 23.3% to 22.7%, as the higher
turbine exhaust pressure limits the
expansion possible. The work output
decreases by 1.6%. The reduced turbine
pressure ratio also raises the exhaust
temperature, reducing the cooling capacity
by 4.6%. In a typical cooler, however, the
heat exchanger experiences a 3% pressure
loss, which is the value used in the
combined irreversibility study.

Finally, the overall effect of the
irreversibility associated with the cycle
was analyzed for combined losses. The
thermal efficiency decreases by 20.6%,
from 23.3% under ideal conditions to
18.5%. The turbine work output drops by
11.8%, from 76.1 to 67.1 kW. The cooling
capacity decreases by 37.7%, from 26.0 to
16.2 kW. It can be seen that the greatest
loss is attributed to the expansion in the
turbine not being isentropic.
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3. Conclusions

Parametric analysis of the cycle showed
the potential for the cycle to be optimized.
Optimization of the operating parameters
in the cycle is possible for each heat source
and heat sink temperature, using a GRG
method. The cycle may be optimized for
the first law efficiency, second law
efficiency, power output or cooling output,
depending on the intended application and
the heat source. For a solar heat source,
optimization for the second law efficiency
is most appropriate, since the spent heat
source fluid is recycled back to the solar
collectors. It was found from simulation
that optimization of the cycle for second
law efficiency produces no refrigeration at
high heat source temperatures, while for
low heat source temperatures it does.
Inclusion of realistic losses in the analysis
of the cycle reduces the cycle thermal
efficiency by 20.6%, with 11.8% less work
output and 37.7% less cooling capacity.
The most significant source  of
irreversibility in the cycle is a non-
isentropic expansion process in the turbine.
An experimental system was constructed
and successfully operated to demonstrate
the feasibility of the combined power and
cooling thermodynamic cycle.

The results from test data compared well
to simulations. Vapor generation and
absorption condensation processes were

shown to work experimentally. The
potential for combined work and
refrigeration output was evidenced.

Addition of a turbine/ generator set and a
chiller/heat exchanger are needed to
confirm this conclusion. An analysis of

losses has shown where improvements can
be made, for further testing over a broader
range of operating parameters.
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