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1

Introduction

1.1 Aim
Absorption heat pump technology is an old invention that goes back to the
middle of the 19th century and it is used today in the field of refrigeration, airconditioning, heating and heat recovery. Nevertheless, the basic principle of this
process is still not widely spread within the engineering community. Since the oil
crisis in the 1970's the interest and need for energy savings in the process
industry has grown rapidly, and the absorption process is a suitable method for
recovering thermal energy. Most of the modern process industries today have a
network of thermal recovery systems to decrease the prime energy cost. Absorption heat cycles are still rare in process industries compared to mechanical heat
pump installations. A well known reason for the renaissance of absorption heat
cycles are the impact on the ozone layer by chlorfluorinated carbons (CFCs), used
in the majority of all mechanical heat pumps, and their contribution to the green
house effect. The research work spent on absorption heat cycles during the last
decades has resulted in a number of new types of efficient cycles, working fluids,
system designs and industrial applications. So, the potential field of application
to be covered by absorption systems is still growing. Moreover, the combination of
absorption and compression technology opens a wide area for improvement or
replacement of standard absorption or compression systems. On this background
the main objectives of this work have been
• to develop a computer programme for simulation of absorption heat cycles,
• to investigate thermodynamic tools for analysis of absorption heat cycles,
• to explore some possible absorption heat cycle applications in the process
industry,
• to improve the design aspects of an absorption heat transformer operating
with self-circulation.

1.2 Heat pumps
Heat pumps can generally be divided into mechanical heat pumps (MHPs),
thermal compressor heat pumps, absorption heat cycles and other chemical heat
pumps (CHPs). The absorption heat cycles can be subdivided into absorption
heat pumps, AHP (sometimes known as AHP Type I, forward AHP, absorption
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chiller, or heat amplifier), and absorption heat transformers AHT (sometimes
known as AHP Type II, reverse AHP, temperature amplifier, or temperature
booster).
Absorption technology has proven to be reliable in many applications, ranging
from small-scale appliances with capacities in the range of a few hundred watts
to large-scale industrial systems with capacities of up to tens of megawatts.
There are a number of system manufacturers of medium and large-scale AHPs
such as Ebara, Hitachi, Hitachi-Zosen, Kawasaki, Mitsubishi, Sanyo and Yazaki
from Japan, Carrier and Trane from U.S.A., Borsig, Linde, AWT and GEA from
Germany, Century from Korea, Thermax from India, Entropie from France1 and
Ahlstrom from Finland.
In industrial applications, heat pumps take thermal energy from a low temperature process stream and deliver it to a higher temperature point in the process.
Consequently, this recycled thermal energy reduces prime energy consumption in
the process. Because the heat pump raises the temperature of a process stream,
the difference in the heat pump output and input temperatures is referred to as
the temperature lift.
The AHP process is based on the concept of boiling point elevation, where the
boiling point of a substance in solution is higher than the boiling point of the
substance in its pure state. Heat of mixing represents the heat that is liberated
when two compounds are mixed together. The heat liberated may be the heat of
absorption, the heat of adsorption, or the heat of solution/dilution. Absorption
heat cycles used in industrial processes are generally operated in the closed cycle
configuration and can be designed in single, dual, or multi-stage cycles. The
components of these cycles involve conventional heat transfer equipment,
commonly employed in the process industries, such as evaporators, absorbers,
generators, condensers, solution heat exchangers, and solution circulating
pumps. The only piece of equipment requiring maintenance is the solution circulating pump, although it operates under relatively normal conditions. A working
fluid pair is circulated between the absorber and the generator where the absorption occurs in the absorber and desorption occurs in the generator (also called
desorber).
Working fluid pairs consist of a refrigerant and an absorbent. Some of the many
working fluid pairs that have been proposed for use in industrial CHPs include
H2O-LiBr, H 2 0-Na0H, NH3-H2O, H2O-H2SO4, CH3OH-LiBr, water-glycerol,
water-glycol, water-nitrate salts, ammonia-inorganic salt complexes, and waterzeolites. Water is typically the preferred refrigerant since it poses a high latent
heat at a wide temperature range. In the majority of CHPs developed for use in
industrial applications, H2O-LiBr has been the working fluid pair of choice.
In the AHP, the generator and the condenser operate at higher pressure than the
evaporator and the absorber. As can be seen in Figure 1.1, the high-temperature
heat is input into the generator, where it concentrates the absorbent solution.
-2-

Prime heat
Usefulheat

AHP

v mi

Waste heat

Figure 1.1

Temperature and pressure levels for an absorption heat
pump.

Vapour, the refrigerant, is driven off from the absorbent solution in the generator
and sent to the condenser, where it gives up its latent heat to the process. The
concentrated absorbent solution, the weak solution, in the generator is circulated
to the absorber. The condensate leaving the condenser is fed through a throttling
valve into the evaporator, where it is once again vaporized using waste heat from
the process. The vapour is then sent to the absorber where it is condensed and
absorbed in the concentrated absorbent solution from the generator. The diluted
absorbent solution, the strong solution, is circulated back to the generator.
Therefore, useful process heat is delivered from two components in the AHP
cycle, the condenser and the absorber.

Useful heat
Waste heat

AHT

Heat sink

Figure 1.2

Temperature and pressure levels for an absorption heat
transformer.

In the AHT cycle, the evaporator and the absorber operate at a higher pressure
than the generator and the condenser, as shown in Figure 1.2. The generator is
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supplied by the waste heat source, where the same process takes place as in the
AHP cycle, although at different pressures. However, in this case waste heat is
used in both the evaporator and the generator. In general, about half of the input
heat in the AHT cycle is raised to a higher temperature and released in the
absorber. The other half is lowered to the condenser temperature. The heat
released in the condenser is normally not used, since it is at a relatively low
temperature. It should be pointed out that an AHT does not consume high-grade
prime energy and only some electric energy is used to recirculate the liquid
streams.
In general, AHPs are favoured over mechanical compression systems because
they can pump heat without the intermediate step of producing shaft work. The
thermodynamic irreversibility of many components (such as turbine, generator,
motor, compressor) can thus be eliminated. AHPs are also considered more
reliable than MHP systems because they consist of conventional heat transfer
equipment and one or two pumps. The risk of product contamination from seals
or lubricating oil is eliminated since process fluids and absorption heat pump
working fluids are kept separate. AHPs can intrinsically accommodate operational changes in either heat duty or temperature lift, without affecting the
performance of the system. They also allow greater flexibility in future process
changes. Some of the other advantages of AHPs include easy process integration,
utilization of working fluids that do not deplete the ozone layer or contribute to
the greenhouse effect, high temperature lift capability with a good coefficient of
performance (COP), low maintenance, low abrasion, long lifetime, low noise level,
and high system efficiencies even during partial load conditions.
The major disadvantage of industrial AHPs to date has been corrosion. Some
AHP installations have experienced equipment corrosion problems that have
caused long periods of plant downtime or partial loading. The problem stems
from the choice of materials of construction and working fluid pairs. For e.g.,
corrosion problems were experienced in the large-scale AHT, using H2O - LiBr as
working fluid pair, operated by Delamine BV in the Netherlands 2 . Following a
period of shutdown and partial load operation, a comprehensive corrosion study
was undertaken to determine the causes of corrosion, and to select better
construction materials and corrosion inhibitors. Meanwhile, progress is being
made in developing new working fluid pairs that allow AHP systems to operate
at higher temperatures without causing corrosion problems. For instance, the
high temperature absorption working pair water-Alkitrate has recently undergone pilot plant and laboratory testing, and temperatures up to 260 °C could be
reached using carbon steel as construction material3. Another solution for this
problem has been proposed4 based on the utilisation of graphite heat exchangers,
resistent to LiBr corrosion up to 230 °C. The relatively high initial cost for AHPs
in contrast to MHPs is another drawback. In addition, the COP is "low" compared
to that of compression systems. These aspects, however, have to be reconsidered
in the view of the environmental advantages of absorption systems and may still
be more important if the question of primary energy consumption is posed.
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1.3 Outline of the thesis
The thesis proceeds with three theoretical chapters and ends with a chapter
describing the experimental work.
Brief descriptions of the programme structure of both the flow sheeting programme SHPUMP and the data base programme WPData are given in Chapter 2.
Together with component and cycle modelling, some simulation examples are
given for different types of cycles to demonstrate the capabilities of the programme. Most of the simulation work in the other chapters was performed using
SHPUMP and WPData.
In Chapter 3 general equations for the Carnot coefficient of performance and
equations for three additional efficiencies: thermodynamic efficiency, exergetic
efficiency, and exergy index are derived, discussed and compared for both AHPs
and AHTs. This is done using a new proposed Carnot model and exergy analysis.
Three industrial applications cases are proposed in Chapter 4. Due to the fact
that evaporation, drying and distillation are the most energy intensive and
commonly used unit operations in the chemical and process industries together
with the availability of many waste heat streams at moderate temperatures, it is
quite possible to achieve energy savings by process integration of absorption heat
cycles. In this chapter, simulation results are presented for different configurations where an AHP or AHTs are suggested to be incorporated in three different
unit operations.
The last chapter, Chapter 5, deals with experimental work on two separate pilotplant AHTs, one experimental plant built at the Dept. of Chem. Eng. I and one
reference plant which has been built and installed on-line with one of the evaporation plants at the STORA Papyrus Nymölla AB's pulp and paper mill in
Nymölla.

1.4 Papers
During the work on this thesis, eight papers have been written and one is under
preparation, all of which are listed in Appendix 1. Almost all of these papers
cover material presented in the thesis. There is little need for the reader to
consult them for further information. The treatment of the material in this thesis
is as detailed as in the papers, but the presentation herein is more logical and
unified.
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Modelling and simulation of
absorption heat cycles

Because of the growing interest for industrial applications of different configurations of absorption heat cycles, there is a need for a PC-oriented easy-to-use programme for both design simulations and evaluation calculations of this type of
systems. Among different types of simulation programmes for absorption heat
pump calculations, there are few which are general for all types of absorption
cycles developed. Most of the existing programmes were designed for single-stage
absorption heat pumps (AHP) or absorption heat transformers (AHT) with a particular working fluid and constant input data.
The most well known general simulation programme for absorption heat cycles
was developed by Grossman5. The computer code is developed for simulating
absorption systems in a flexible, modular form. The code can simulate various
cycle configurations and with different working fluids. This is done by solving a
system of simultaneous nonlinear equations from all units incorporated in the
cycle together with constraints for each unit. Data input are entered in a matrix
form in a data file and the simulation results are presented in the same way.
A first useful version of a Turbo-Pascal flow sheeting programme, called SHPUMP,
has been developed for simulation of different absorption cycles. It will be shown
in the next chapters how it can be used as a tool for the analysis and design of an
absorption cycle in a process as well as for the evaluation of operating data from
an absorption plant.

2.1 Programme structure
The flow sheeting programme SHPUMP consists of ten different modules which
are incorporated to provide the user with flexibility in constructing absorption
cycles. The ten modules configurate evaporators, absorbers, generators, rectifiers,
condensers, solution heat exchangers, pumps, valves, mixers, and splitters.
Using a minimum of input data, SHPUMP computes pressure, temperature,
concentration, enthalpy, and flow rate profiles for the simulated cycle.
Being a flow sheeting programme, the different component modules allow the
user to construct his own absorption heat cycle. However, seven basic and well
known absorption cycles are connected in SHPUMP. These standard configurations include AHP, AHT, double effect AHP, double effect AHT, double lift AHP,
double lift AHT, and heat pump transformer (HPT).
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Figure 2.1

Schematic structure ofSHPUMP.

The structure of the programme is based on four main blocks as schematically
shown in Figure 2.1. The main menu block is the user interface by which the
user views the system. The input block consists of simple procedures to connect a
specific absorption cycle or to select one of the standard cycle configurations. It
also enables the user to select an appropriate working fluid pair. Input data
necessary for the different modules involved in the absorption cycle are entered
under this procedure. The output block provides the results for each module
involved in the cycle in the form of structured graphic displays. The different
administration and calculation routines comprise the calculation block.

2.2 Data base
Physical properties of different working fluid pairs are available in the physical
properties data base WPData6-7 which is also written in Turbo-Pascal. Mathematical correlations, available in different publications and theses, for the calculation of physical and thennodynamic properties of different working fluid pairs
were coded and incorporated in the data base. In some cases published experimental data was correlated. The main structure of WPData is schematically
shown in Figure 2.2.
WPList
WPPlot
WPSurf

SHPUMP I

User procedures |
Figure 2.2

1 Property procedures I

Schematic structure of WPData6-7.
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WPData consists of five units that can be used by any application programme.
Each unit contains two user procedures, one for the liquid state and one for the
vapour state. The units and user procedures are tabulated and described in
Table 2.1
Table 2.1

Units and user procedures for WPData.

Units
UserJEqP

User procedures
Eqpliq(T,X,WP)
Eqpvap(T,Y,WP)

User_EqT

Eqtliq(P, X, WP)
Eqtvap(P, Y, WP)

User.EqZ

Eqxliq(P, T, WP)
Eqzvap(P, T, WP)

User_Ent

Entliq(P, T, X, WP)
Entvap(P,T,Y,WP)

User_T

Tliq(P,X,H,WP)
Tvap(P, Y, H, WP)

Description
Calculates the liquid and vapour
saturation pressures as a function
of temperature, concentration and
WP'.
Calculates the liquid and vapour
saturation temperatures as a
function of pressure,
concentration and WP.
Calculates the liquid and vapour
saturation concentrations as a
function of pressure, temperature
andWP.
Calculates the liquid and vapour
enthalpies as a function of
pressure, temperature,
concentration and WP.
Calculates the liquid and vapour
temperatures as a function of
pressure, concentration, enthalpy
andWP.

* Working fluid pair

Property procedures are currently available for five fluid mixtures including H 2 0
- NaOH»-", H2O - LiBr».« H2O - CaCl2».», H2O - LiNO3 / KNO3 / NaN03i«, and
CH3OH - LiBr1*17. Physical properties of pure water18 and methyl alcohol19 are
also included. Listing and plotting of these physical properties, including
enthalpy-concentration diagrams, can be obtained using the application
programmes WPList, WPPlot and WPSurf.
Table 2.2 displays six different property procedures available for each working
fluid pair (system) which must be executed by the user procedures.
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Table 2.2

Property procedures available in WPData.

Property procedure
SolsOi(T)

EqplOiCT, X)
EqtlOi(P, X)
EqxsOi(P, T)
EmlsOi(P, T, X)

TmlsOi(P, X, H)

Description
Calculates the crystallization
concentration for system i* as a
function of solution temperature.
Calculates the saturation pressure,
temperature, and concentration for
system i as a function of the two other
parameters.
Calculates the enthalpy for system i as
a function of pressure, temperature
and concentration.
Calculates the temperature for system
i as a function of pressure,
concentration and enthalpy.

* ihas a specific number for each working fluid pair.

The ranges of validity for the different working fluid pairs, together with the
relative errors according to the original source, are tabulated in Table 2.3.
Table 2.3

System

Validity ranges for the different fluids in WPData.
P
(kPa)

T
CO

X
(kg/kg)

h,
(kJ/kg)

H2O - NaOH

0.40 - 5506

10 - 270

0.2 - 1.0

H2O - LiBr

0.01 -1003

0-180

0.3 - 1.0

20 -1410
-13.5 - 763

H2O - CaCl2

0.74 - 793

10 -170

0.3 - 1.0

25 - 720

H2O - 3xNO 3

0.10-1741

10 - 230
-10 -170

0.08 - 0.3

274 - 665
-235 - 434

CH3OH - LiBr 0.02 - 2175

H2O

0 -18000

CH3OH

2.09 - 3948
: liquid

0-362'-800
-10 - 200

0.4 -1.0
v

1.0
1.0

0 -1780
-25 - 510

Hv
(kJ/kg)
-

Error
(%)
1.55 - 3.3
0.2- 1.1
-4.35
3.0 - 3.5
-1.2

2500 - 4160

0.04 - 0.2

1165 • 1489

2.1

v = vapour

2.3 Component modelling
Each module of the complete cycle is modelled in a separate subroutine. The
modules are treated as black boxes that can be connected to other components.
The evaporator, absorber, generator, rectifier, condenser, solution heat exchanger, and splitter can have their own inputs and outputs. On the other hand,
the pump, valve, and mixer can only have their own outputs. All incoming and
outgoing streams from all modules are presented by information including
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pressure (P), temperature (T), concentration (X), enthalpy (H), and mass flow
rate (F). All external streams are also presented by entropy values.
Based on input data and data for the incoming streams to a specified module,
some or all of the following physical laws are used to calculate the outgoing
streams.
(2.1)
(2.2)
(2.3)
(2.4)

Q,module - U A AT,LMTD '
•_

itrong tolution
r

(2.5)

vapour flow

Equation (2.5) gives the circulation ratio over an absorber or a generator. This
value has to be known for at least one of the absorbers or generators connected in
the cycle.
A description for each of the ten modules, shown in Figure 2.3, is given below
together with necessary input data. The different numbers assigned to each
stream [1,..,6] in each module are used to identify the right stream when connecting a new cycle and when the output routines are used to evaluate a simulation.
Evaporator

Absorber

Generator

Rectifier

n
Sol. beat
exchanger

Pump

Valve

1

ETTS
HEX

Internal stream
Figure 2.3

Ten different modules available in SHPUMP.

-11-

Evaporator
Either a subcooled liquid or a saturated two-phase vapour-liquid mixture [1]
enters the module at the evaporator pressure. Thermal energy can be provided
either by a liquid stream or saturated steam [5,6]. Vapour is generated and leaves
the module at the saturated state [4]. The pressure in the evaporator is determined by the temperature of the heating medium.
The size of the other modules in the connected cycles are directly related to the
size of the heat supplied to the evaporator, i.e. the amount of vapour generated
from the evaporator. The combination of heat transfer data to the evaporator
should give the heat input. If steam is chosen as incoming heating medium the
temperature of the saturated steam has to be given. The temperature difference
is the same as the minimum temperature difference, A T , ^ . Consequently, the
temperature of the outgoing liquid stream has to be given when a liquid flow is
chosen as heating medium. In this calculation case the heat transfer area is
based on the logarithmic mean temperature difference (LMTD).
Absorber
The weak solution, either as a subcooled or saturated two-phase stream [1],
enters the module at the absorber pressure together with a saturated vapour
stream [3]. A saturated strong solution leaves the module [2]. The pressure in the
absorber is determined by the pressure of the incoming vapour stream. The cooling medium may be a liquid stream or a phase-changing medium [5,6].
The absorber can either be simulated as a constant-volume bubble absorber (Ba)
or as a falling-film absorber (FFa). In the former model the temperature is constant all over the absorber, while in the falling-film model a gliding temperature
may be used. If the incoming weak solution is subcooled, it will first reach equilibrium at a maximum temperature, T m a x , by adiabatic absorption and its
temperature will then decrease while it absorbs more vapour and at the same
time heat will be transferred to the cooling medium.
Either ATmjn or the overall heat transfer coefficient (U) and the heat transfer
area (A) or their product (UA) must be given as input data to the absorber. Also
the thermodynamic state of the external outgoing cooling stream must be given,
whether steam or a liquid stream. If a stream in the liquid state is used the
temperature of the incoming cooling stream has to be known. If a falling-film
absorber is simulated the LMTD is calculated from T m a x . The falling-film
absorber is chilled in countercurrent mode if the external cooling stream is in the
liquid state.
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Generator
The strong solution, either as a subcooled or saturated two-phase stream [1],
enters the module at the generator pressure. A superheated vapour [4] in equilibrium with a saturated weak solution [2] leaves the module. The pressure in the
generator is determined by the pressure in the condenser. Thermal energy can be
provided either by a liquid stream or steam [5,6].
The generator can either be simulated as a constant-volume bubble generator
(Bg) or as a falling-film generator (FFg). In the former model the temperature is
constant all over the generator, while in the falling-film model a gliding temperature may be used. If two volatile media are used as a working fluid pair, as for
instance NH 3 - H 2 0, an additional liquid stream representing the reflux from the
rectifier can be added to the generator [3]. This reflux stream will be saturated at
the generator pressure.
Either A T ^ or the overall heat transfer coefficient (U) and the heat transfer
area (A) or their product (UA) must be given as input data to the generator. Also
the thermodynamic state of the external incoming heating stream must be given,
whether steam or a liquid stream. The temperature of the incoming stream of the
heating medium has to be known, and if a stream in the liquid state is used the
temperature of the outgoing heating stream has also to be known. The fallingfilm generator is heated in countercurrent mode if the external stream is in the
liquid state.

Rectifier
The superheated vapour [3] leaving the generator enters the module at the rectifier pressure. Saturated vapour leaves the module [4], together with a saturated
reflux stream [2] which flows back to the generator. The pressure in the rectifier
is determined by the pressure in the condenser. The cooling medium may be a
liquid stream or a phase-changing medium [5,6].
It should be mentioned that in this version of SHPUMP, the rectifier has not yet
been tested in any simulation case because there is still no working fluid pair
available in WPData consisting of two volatile media.

Condenser
Superheated vapour [3] enters the module at the condenser pressure and a saturated condensate stream [2] will leave the condenser. The cooling medium may be
a liquid stream or a phase-changing medium [5,6].
Either AT,^ or the overall heat transfer coefficient (U) and the heat transfer
area (A) or their product (U-A) must be given as input data to the condenser. The
pressure in the condenser is given for some calculation cases as a constant input
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data, and in some cases as a start value. Also the thermodynamic state of the
outgoing cooling stream must be given, whether steam or a liquid stream. If a
stream in the liquid state is used the temperature of the incoming cooling stream
has to be known.

Solution heat exchanger
Countercurrent heat transfer between a hot and a cold stream [1-2] and [3-4] is
simulated in this module. The streams can either be in the vapour or liquid state
without any phase change.
Either AT^n or the overall heat transfer coefficient (U) and the heat transfer
area (A) or their product (UA) must be given as input data to the solution heat
exchanger. If zero-values are entered to an existing solution heat exchanger for
all input data, the heat exchanger is neglected during the simulation.
Pump
Liquid enters [1] the module at a low pressure and leaves [2] at a higher
pressure.
Valve
Either a subcooled liquid stream or a liquid-vapour mixture enters [1] the module
where it expands adiabatically to a lower pressure [2].
Mixer
Two streams (liquid, vapour, or saturated liquid-vapour mixture) may enter the
module at the same pressure but at different temperatures, flow rates, concentrations, and vapour fractions [1,3]. After mixing, the stream leaves the module at
the same pressure [2].
SpUtter
One entering stream [1] is split into two streams at the same conditions [2,4]. For
some cycle connections it is possible to enter the split fraction for the streams.

2.4 Cycle modelling and simulation examples
A specified cycle is either selected from the cycle library of the programme or
connected by the user. A subroutine will automatically assign a calculation algo-14-

rithm for the selected cycle. The CPU-time consumption depends largely on the
type of input data. If all temperature differences are given whereas the corresponding U A-values are to be calculated, the CPU-time consumed is at minimum. On the other hand, if the U-A-values are entered as input data, the CPUtime consumed will be much longer. An adaptive convergence algorithm for
general trial and error computations is incorporated to ensure rapid convergence.
This algorithm, called ADJUST20, does not require any mathematical knowledge of
the simulation problem under consideration. Convergence for all types of absorption cycles are based on the following criteria:
• mass balance for each module,
• overall energy balance (I Qta - Qout I < SQ^),
• the last two iterations are not allowed to change by more than SQ^^.
The value of SQ^^ is based on a given fraction, e, of the total heat input to the
cycle.
SQdiff = eQtot

(2.6)

input

Figure 2.4 shows a schematic flow sheet for a conventional single stage AHT. As
can be observed, the cycle consists of eight different modules; an evaporator, an
absorber, a generator, a condenser, a solution heat exchanger, two pumps and a
valve. The cycle is connected using a total of 18 streams where each stream has
its own specific number. Single stage AHTs and AHPs are very easy to simulate.
For instance, the simulation of the single stage AHT depicted in Figure 2.6, with
given temperature differences, needs only five cycle iterations before convergence
is attained.
To exemplify the different ways of using the modules and different types of input
data, four simulation examples are described below. First a single stage AHT is
simulated using the simplest form of input data. Then two different double lift
AHTs are simulated using similar input data as the single stage AHT. The last
example simulates a double effect AHP working as a chiller.

2.4.1 Example 1: A single stage absorption heat transformer
Utilizing H2O - NaOH as the working fluid pair, the single stage AHT shown in
Figure 2.4 is exemplified here as a cycle upgrading waste steam from 70 °C to
approximately 100 °C. The numbers marked in squares are the same as those
presented above in the module description. The input data entered in this case
are shown in Table 2.4 where T5 is the temperature of incoming external streams
and P m is the pressure inside the modules. As can be observed, the ATmjn for
each module was fixed and an UA-value of 308.2 kW/°C was chosen for the
evaporator. The incoming cooling water to the condenser is available at a
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temperature of 15 °C, and the pressure in the condenser was fixed at 4.0 kPa.
The configuration of the absorber and generator was chosen as falling-film (FF)
modules. A moderate circulation ratio, / , was kept constant at a value of 12.0.

Figure 2.4
Table 2.4

A single stage absorption heat

Input data for a single stage AHT (WP: Htf) - NaOH).

T6
Module
Evaporator
Absorber
Generator
Condenser
Heat exchanger

transformer.

UA

AT min

/

Ext. fluid

Equip.

(°C)

(-)

phase

config.

12.0

vapour
vapour
vapour
liquid

-

(°C)

(kPa)

(kW/°C)

70
70
15
-

4.0
-

308.2

-

2.5
3.0
3.0
5.0
5.0

-

FFa
FFg
-

Some of the simulation results are summarized in Table 2.5. The cycle will
operate at pressures of 27.9 kPa and 4.0 kPa in the evaporator/ absorber and
generator/condenser, respectively. The strong and weak aqueous NaOH solution
will have a concentration of 55.1 and 51.1 weight % water, respectively. For this
set of data, the coefficient of performance COP t will be 0.49.
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Output data for a single stage AHT.

Table 2.5

UA
Q
Module
(°C) (kW) (kW/°C)
Evaporator
70 770
308
Absorber
99 754
146
Generator
70 755
153
Condenser
88.3
24 771
Heat exchanger
334
50.9
•LMTD
T6

AT Pm
(°C) (kPa)
2.5 27.9
5.2* 27.9
4.9* 4.0
8.7* 4.0
6.6* -

F2/F4
(kg/s)
-/0.31
3.7/3.4/0.31
0.31/-

Cone.
(kg/s) (%-H2O)
F6

0.33
0.33
0.32
20.5
-

100
55.1
51.1
100
-

The simple operation cycle plotted in an enthalpy-concentration chart for H2O NaOH is depicted in Figure 2.5.
900

I H2O-NaOH
PI = 4.0 kPa
P2 = 27.9 kPa

0.45

0.47

0.49

0.51

0.53

0.55

0.57

0.59

Concentration kg H2O / kg solution
Figure 2.5

Operating cycle for the single stage AHT in an enthalpyconcentration chart for H2O • NaOH.

2.4.2 Example 2: A double lift absorption heat transformer
with one working fluid cycle
Depending on how the working fluid streams are arranged in these double stage
cycles, very different results will be obtained. The working fluid stream of the
double lift AHT is arranged in series as shown in Figure 2.6.
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The weak solution is first pumped through two solution heat exchangers before it
absorbs vapour in absorber #2 at the highest pressure. This absorber is the one
that will produce useful heat. Then, the semi-strong solution cools and expands
into absorber #1 where it absorbs more vapour before it flows back to the
generator. The vapour from the generator is condensed in the low pressure
condenser and is then pumped to a splitter where a fraction flows to the evaporator and the remaining fraction flows to absorber #1. Absorber #1 produces
vapour for absorber #2. The value of the flow quotient of the splitter will be set
by the amount of vapour produced by absorber #1.
Utilizing H2O - NaOH as the working fluid pair, the double lift AHT shown in
Figure 2.6 is exemplified here as a cycle using waste steam of 70 °C to produce
steam at a pressure much higher than in Example 1. The input data entered in
this case are almost the same as those used in Example 1, as can be seen in
Table 2.6. The same amount of waste heat is utilized in both examples. As can be
observed, the A T ^ , , for each module was fixed and an UA-value of 200 kW/°C
was chosen for the evaporator. The incoming cooling water to the condenser is
available at a temperature of 15 °C, and the pressure in the condenser was fixed
at 4.0 kPa. The configuration of the absorber and generator was chosen as
falling-film (FF) modules. A moderate circulation ratio, / , was kept constant at a
value of 12.0 in the generator.
Table 2.6

Input data for the double lift AHT working with one
working fluid cycle (WP: H20 - NaOH).
T6

Pm

UA

Ext. fluid Equip,

6

Module

(°C)

(kPa)

(kW/ C)

Evaporator
Absorber #1
Absorber #2
Generator
Condenser
Heat exchanger #1
Heat exchanger #2

70
70
15
-

—
4.0
-

200
-

2.5
3.0
3.0
3.0
5.0
5.0
5.0

—
12.0
-

phase

config.

vapour
vapour
vapour
vapour
liquid
-

—
FFa
FFa
FFg
-

The simulation results of this cycle are summarized in Table 2.7. The absorber at
the higher pressure will produce steam of 136 °C. The COPt is 0.31 for this cycle.
The circulation ratios for the two absorbers are 25.1 and 22.1 for absorber #1 and
#2, respectively.
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Figure 2.6

A double lift AHT with one working fluid cycle.
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Table 2.7

Output data for the double lift AHT working with one
working fluid cycle.
UA
Q
(°C) (kW) (kW/°C)
2(k,
70
500
558
132
99
136 478
113
207
70 1026
24 1048
120
454
69.1
550
90.5
T6

Module
Evaporator
Absorber #1
Absorber #2
Generator
Condenser
Heat exch. #1
Heat exch. #2
»LMTD

AT
Pm
(°C) (kPa)
2.5 27.9
4.2* 27.9
4.2* 99.3
4.9* 4.0
8.7* 4.0
6.6* 6.1* -

F2/F4
(kg/s)
-/0.20
5.0/4.8/4.6/0.42
0.42/-

F6

Cone.

(kg/s) (%-H2O)
0.21
0.22
0.22
0.44
27.9
-

100
55.1
53.3
51.1
100
-

Figure 2.7 displays the operation cycle plotted in an enthalpy-concentration
chart for H2O - NaOH. It can be seen that the semi-weak solution which enters
absorber #1 is saturated, while the weak solution which enters absorber #2 is
subcooled by 8°C.
HjO-NaOH
Pi - 4.0 kPa
P2 - 27.9 kPa
P3 = 99.3 kPa
Tl=20 # C,AT=10 # C

0.45

0.47

0.49

0.51

0.53

0.55

0.57

0.59

Concentration kg H 2 O / kg solution
Figure 2.7

Operating cycle for the double lift AHT with one working
fluid cycle in an enthalpy-concentration chart for H2O NaOH.
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2.4.3 Example 3: A double lift absorption heat transformer
with two working fluid cycles
In this example the double lift AHT has the working fluid circulation arranged in
two streams, as shown in Figure 2.8. The weak solution from the generator is
pumped through a solution heat exchanger and is then mixed with the strong
solution from absorber #2. The mixed solution enters absorber #1 where it
absorbs more vapour, from the evaporator. After absorber #1 the semi-weak solution enters a splitter where the solution is distributed into two streams, one for
the absorber #2 and one for the generator. The vapour from the generator is condensed in the low pressure condenser and is then pumped to a splitter where a
fraction flows to the evaporator end the remaining fraction flows to absorber #1.
Absorber #1 produces vapour for absorber #2.
The double lift AHT shown in Figure 2.8 will be compared with the double lift
AHT cycle in Example 2 by using part of the output data from that simulation.
The cycle will utilize H2O - NaOH as the working fluid pair and waste steam of
70 °C. The input data, shown in Table 2.8, are based on the UA-values from
Example 2. As can be observed, the A T , ^ for the evaporator is still fixed at 2.5
°C, the incoming cooling water to the condenser is 15 °C, and the pressure in the
condenser is fixed at 4.0 kPa. The same equipment configuration of the absorber
and generator (FF) was chosen as in Example 2. The additional working solution
splitter in this cycle was assigned a flow quotient value of 0.5.
Table 2.8

Input data for the double lift AHT working with two
working fluid cycles (WP: H20 • NaOH).

Module
Evaporator
Absorber #1
Absorber #2
Generator
Condenser
Heat exchanger #1
Heat exchanger #2

T5
(°C)
70
70
15
-

UA
ATmin
Pm
(kPa) (kW/°C) (°C)
200
2.5
132
113
207
120
4.0
69.1
90.5

/

Ext. fluid

Equip.

(—)

phase

config.

12.0
-

vapour
vapour
vapour
vapour
liquid

-

FFa
FFa
FFg
-

The simulation results of this cycle are summarized in Table 2.9. The most important result is that the COPt of this cycle is still 0.31 although absorber #2 is
producing steam of 130 °C. The circulation ratios for the two absorbers are 50.4
and 23.9 for absorber #1 and #2, respectively.
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Figure 2.8

A double lift AHT with two working fluid cycles.
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Table 2.9

Output data for the double lift AHT working with two
working fluid cycles.
UA
AT
Q
(°C) (kW) (kW/°C) (°C)
70 500
200
2.5
99 562
132
4.2*
130 477
113
4.2*
207
70 1029
5.0*
24 1052
120
8.8*
455
69.1
6.6*
442
90.5
4.9*
T6

Module
Evaporator
Absorber #1
Absorber #2
Generator
Condenser
Heat exch. #1
Heat exch. #2
*LMTD

F2/F4
(kg/s)

Pm
(kPa)
27.9
27.9
97.1
4.0
4.0
-

-/0.20
10.0/5.2/4.6/0.42
0.42/-

F6
Cone.
(%-H
'kg/s)
2O)
0.21
0.22
0.22
0.44
28.1
-

100
55.1
57.0
51.1
100
—
-

The reason for the lower temperature of the produced steam is clearly shown in
Figure 2.9 where the operation cycle is plotted in an enthalpy-concentration
chart for H2O - NaOH. Absorber #2 is operating with much lower concentration
of the strong solution than in Example 2. The outgoing strong solution from
absorber #2 is just 57.0 %. The dotted line in Figure 2.9 is the mixing line for the
two solutions from absorber #2 and the generator, respectively.
900i

HjO-NaOH
PI = 4.0 kPa
P2 = 27.9 kPa
lkPa
10 'C

0.45

0.47

0.49

0.51

0.53

0.55

0.57

0.59

Concentration kg H2O / kg solution
Figure 2.9

Operating cycle for the double lift AHT with two working
fluid cycles in an enthalpy-concentration chart for
NaOH.
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2.4.4 Example 4: A double effect absorption heat pump
A schematic flow sheet for a double effect AHP is shown in Figure 2.10. The cycle
consists of 13 different modules; an evaporator, an absorber, two generators, a
condenser, two solution heat exchangers, a pump, four valves, and a mixer. The
cycle is connected using a total of 26 streams. It should be observed that the
generator of the second stage is heated by the superheated vapour from the generator of the first stage.
Utilizing CH3OH - LiBr as the working fluid pair, the double effect AHP is
exemplified here as a cycle using a liquid stream of water at 16 °C that has to be
cooled down to 13 °C. This can be achieved by using a hot stream of water at 95
°C which is cooled by 5 °C. Cooling water available at 25 °C is used in both the
condenser and the absorber. The input data entered in this case are shown in
Table 2.10. The equipment configuration of the absorber and generators was
chosen as constant volume (8) modules. The generator of the second stage has
only the minimum temperature difference as input data. Some of the results are
shown in Table 2.11.
Table 2.10 Input data for the double effect AHP (WP: CH3OHLiBr).
T6

Te

Module
Evaporator
Absorber
Generator #1
Generator #2
Condenser
Heat exch. #1
Heat exch. #2

16
25
95
25
-

13
90
-

VA
AT,
m
(kPa) (kW/°C)
20

22.0

2.5
3.0
3.0
3.0
3.0
2.0
2.0

/

Ext. fluid Equip.

(-)

phase

30

liquid
liquid
liquid
vapour
liquid

config.

Ba

_

Table 2.11 Output data for the double effect AHP.
T6

Module
Evaporator
Absorber
Generator #1
Generator #2
Condenser
Heat exch. #1
Heat exch. #2

13
28
90
60
27
-

AT* P
Q
UA
F2/F4
F6
Cone.
m
(kW) (kW/°C)
(kPa) (kg/s) (kg/s) (%-CH3OH)
-/0.071
76.1 20.0
3.8
7.6
6.1
100
93.0 21.0
4.4
7.6
6.9
66.1
1.16/54.7
7.6
7.2 83.9 1.12/0.039 2.6
64.9
63.9
44.5 11.3
3.9 22.0 1.09/0.032 0.039
37.8
100
9.6
3.9 22.0
4.3
0.42/47.1 16.5
2.8
67.0 25.2
2.7

•LMTD
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Figure 2,10 A double effect absorption heat pump.
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The circulation ratios are 16.4, 30.0 and 3.c.l for the absorber, generator #1 and
generator #2, respectively. Because this cycle is operating as a chiller the COPC is
calculated as 1.39. Most of the computer time needed for this cycle was consumed
to attain convergence in finding the right pressure in generator #2. The calculation algorithm in this case is very similar to an evaporation plant where the
temperature of the heating medium to the first effect is known as well as the
cooling medium to the condenser. The operation cycle plotted in an enthalpyconcentration chart for CH3OH - LiBr is depicted in Figure 2.11.
CH3OH-LiBr
PI« 7.6 kPa
P2 * 22.0 kPa
P3 = 83.6kP»
Tl = 10 "C, AT=10 'C

0.58

0.60

0.62

0.64

0.66

0.68

0.70

Concentration kg CH3OH / kg solution
Figure 2.11 Operating cycle for the double effect AHP in an enthalpyconcentration chart for CH3OH • LiBr.

2.5 Conclusion and improvements
The first version of the computer programme SHPUMP has been tested successfully for the simulation of different configurations of the absorption heat cycles
that are well established today. However the programme can be further developed to increase its overall generality and flexibility. For instance, the incorporation of efficient subroutines for the calculation of pressure drop, heat losses, subcooling etc. would facilitate a more adequate analysis and evaluation of existing
absorption heat systems. The computation speed for some complicated configurations can also be improved. It is also intended to increase the number of working
fluid pairs in the data base WPData in order to cover new industrial applications
within low and high temperature intervals. The rectifier module has to be
rigorously tested using a volatile system such as NH3 »H2O.
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3

Thermodynamic analysis of
absorption heat cycles

Being a thermodynamic function which provides both a qualitative and quantitative measure of energy, exergy denotes the maximum work that can be extracted
from a given system in a given state in any process which allows the system to
come into equilibrium with its surroundings. Whereas the Second Law of
thermodynamics is usually thought of in terms of entropy and the increase in
entropy associated with any irreversible process, an alternate viewpoint would
consider the exergy decrease associated with all irreversible processes. Exergy
losses occurring during a process can be calculated by making exergy balances
for each component of the system. In energy balances, the inflow streams are
equated to the outflow streams, provided no energy generation or consumption
occur. On the other hand, in exergy balances, due to reasons of irreversibilities,
the exergy inflow is always greater than the exergy outflow and the difference
represents the exergy losses in the system. These losses have to be reduced to
improve the thermodynamic efficiency of the system. For instance, it is a common
practice to minimize the temperature difference in the heat exchangers in order
to reduce their exergetic losses.
Exergy analysis and the concept of the Second Law of thermodynamics has
invoked considerable interest in recent years21*37, since its application leads to a
better understanding of the energy transfer, and helps to identify the thermodynamic losses properly. The importance of the Second Law analysis as
compared to the conventional energy conservation analysis, is mainly due to the
fact that the latter does not distinguish between the quality of energy, and hence
assigns high quality forms of energy to low quality purposes. The second Law
analysis takes into account both the quantity of energy required and the quality
of energy conversion. Besides, it allows for the identification of exergy losses
which inevitably occur in some components of the system, such as heat transfer,
throttling, desuperheating, etc.
The comparison of different absorption heat cycles is not always done in a correct
way. This also includes the comparison of a real absorption cycle with a mechanical analogy. When comparing different AHP and AHT installations, it is most
important that the cycles compared operate under the same conditions. Although
commonly used, the coefficient of performance COP is not always an adequate
measure to describe the effectiveness of an AHP. With a new Carnot model,
operating with two heat engines and two mechanical heat pumps, a more correct
and logical way to describe the mechanical analogy to an AHP and AHT can be
done.
Earlier work88-39 relied on the assumption that the gain in entropy in the generator equals the reduction in entropy in the absorber in the ideal absorption
cycle, and other earlier work40 relied on the opposite assumption that the gain in
-27-

entropy in the generator equals the reduction in entropy in the condenser in the
ideal absorption cycle. None of these assumptions give the most correct ideal
comparison to the real cycle.
In this chapter general equations for the Carnot coefficient of performance, COPr,
and equations for three additional different efficiencies: thermodynamic
efficiency, E^, exergetic efficiency, E ei , and exergy index, I u are derived, discussed and compared for AHPs and AHTs. This is done using the new Carnot model
and exergy analysis.
The task of cooling and heating of liquid streams cannot be met in an ideal manner by one Carnot cycle, which is the ideal process for constant temperatures at
heat input and heat rejection. The Lorenz cycle would be better adapted to this
task, avoiding irreversible exergy losses in the heat exchangers caused by unnecessary temperature differences and so leading to a higher COP41. The Lorenz
cycle is equal to the Carnot cycle operating with heat input and heat rejection at
logarithmic mean temperatures if the specific heat of the liquid streams are constant. The method proposed in this chapter is therefore only valid at isothermal
conditions for all external heat streams, i.e. condensing vapours or boiling
liquids.

3.1 Carnot comparison of multi-temperature
levels absorption heat pumps
In the new mechanical analogy to an AHP, including the refrigeration machine,
the fictitious heat engine transfers heat from the temperature level of the generator to one or both of the temperature levels of the absorber and the condenser.
On the other hand, the fictitious mechanical heat pump transfers heat from the
temperature level of the evaporator to one or both of the temperature levels of
the absorber and condenser. The different heat transport paths are entirely
temperature dependent.
In a real AHP the heat delivered at the absorber and condenser temperature
levels is the useful heat. A fictitious ideal cycle delivering exactly the same
amounts of heat at the same temperatures gives the minimum heat input at the
generator temperature level, or the maximum heat input at the evaporator
temperature level in the case of refrigeration machines. It is easy to imagine such
a cycle as a combination of several mechanical Carnot cycles as indicated in
Figure 3.1.
Consider a real AHP installation, without a rectifier, with the specified heat output demands QA and Qc at constant temperatures TA and Tc. An unlimited low
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Figure 3.1

Examples of Carnot models of absorption heat pumps.

temperature heat source QE is available at temperature TE. The necessary heat
input to the generator is QG at constant temperature TG. The coefficient of performance for heating, COPh, is defined as
COPh =

(3.1)

QG

and for a real absorption refrigeration cycle, the coefficient of performance for
cooling, COPC, is defined as
(3.2)

thus
COPh = COPC

(3.3)

From a thennodynamic point of view, a fictitious reversible cycle operating with
exactly the same temperature levels and the same specified heat outputs as the
real cycle would give the maximum possible value of the coefficient of performance. This coefficient of performance is commonly referred to as the Carnot
efficiency, COPr h , or the Carnot COPh. It can thus be defined as
_

COP,r.hh =

Q A+ QC

(3.4)

QcKr.min)

where Qar.min) *8 the lowest possible heat input to the generator for given heat
outputs from absorber and condenser, QA and Q c , respectively. The following
entropy and enthalpy balances can be written for an absorption heat cycle:
mG-AsG

= m A AsA + m c -As c

mG-AhG

(3.5)
(3.6)
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Equation (3.5) gives
(3.7)
which together with Eq. (3.6) would yield
mA-AhE •

As»

n G. --Ah
A hE- . ^ B
m c AhE . Ä S C -m
AsE

"*»E

=

(3.8)

P^A'AhA + m^'Ahc

Rearranging and solving for mcAh Q we get
1

Ah E As c
~ Ah c As E

AhEAsA
" AhA-AsE
3

E'

(3.9)

1-

1 - AhG AsE

where mG-AhG is the lowest possible heat energy that can be provided to the
generator, Q^rminc The following equation can then be written:

•.min)

x

(3.10)

AhE-AsG
AhG-AsE

Together with the definition in Eq. (3.4), Eq. (3.10) would yield:
•

COPr.h =

1 -

Ah 0 As E

Ah E As A

Ah E As c

(3.11)

QA + Q C - Q A

After some algebraic rearranging, the coefficient of performance for a reversible
process can be written according to

COP,r.h

As,.
AhE
Asj:_

Ah,
As^.
AhE
Ah c

(3.12)

As assumed earlier, heat energy is transferred to and from the AHP at constant
temperatures TG, TE, TA, and T c , and the highest possible COP for the fictitious
reversible cycle can consequently be expressed as:
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C0P

rh = f i * . 7

"

, " ,»

(3.13)

+

te'Tj

Q7'[T;~TVJ

As expressed by Eq. (3.13), the Carnol efficiency is a simple function of all
temperature levels as well as the quotient (Qc/QA). When heat energy is delivered from the absorber and condenser at the same temperature level, Tm, the above
equation can be simplified to the following form:
G
G

COP,. -

~

E

m

.14)

Differentiating Eq. (3.13) w.r.t. (Qc/QA) w»11 yield

<*(CQPr.h)

f i - JJ . [_L

=

[ T , TGJ [ T C

It can be observed from Eq. (3.15) that:
• If T c < TA, the above derivative is always positive and COP rh would
increase with increasing (QC/QA) a n d will reach its asymptotic value
when Q A -> 0, i.e. (Q(/QA) -» °°. Consequently, COP rh is maximum
when all heat is delivered at T c .
• If T c > TA, the above derivative is always negative and COP rh would
decrease with increasing (QC/QA) a n ^ will reach the same asymptotic
value when Q c - > » , i.e. (Qc/QA) - • °°. In this case, COP rh is minimum
when all heat is delivered at T c .
• If T c * TA, the above derivative will be zero and COPr h will attain the
same asymptotic value irrespective of (Qc/QA). In this case, COPr h is
constant for all values of (Q(/QA).
Keeping TC,TG and TE constant, this behaviour is displayed in Figure 3.2 for
different absorber temperatures TA.
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4.0T
T G » 376 K
T c . 310 K
T E » 275 K
295 S T A S 325 K (AT = 5 K)

1.5

Figure 3.2

I

1

1

1

1

COPrh as function of Qc IQA for different absorber
temperatures.

Because of the indeterminate form of Eq. (3.13) when (Qc/QA) -» «>, the lTiopital's
theorem is useful to solve the expression

lim

d
—=—

*

L^E

X

AJ

l

c

WA IAE

The following result is obtained for T c < TA:

COP,
&&>

-

T1 Gr. "
TG

when

T c - TE

-2£
QA

(3.16)

Similarly, for T c > TA Eq. (3.13) becomes

COP rh

-

TA-TE

when
QA

(3.17)

It can be seen that Eqs. (3.16) and (3.17) become similar to Eq. (3.14) when
energy is delivered from the absorber and condenser at the same temperature, TA
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The analysis outlined above clearly indicates that the specified ratio (QC/QA)
should be the same when comparing COPr h of different cycles. This includes the
comparison between a real and an ideal cycle.
In a real absorption refrigeration cycle, energy is removed at the same temperature from both absorber and condenser in practically all operation cases. This
means that we can immediately get the following relationship using Eqs. (3.3)
and (3.14)
COP rc =

%

m

E
T

(3.18)

T

If, on the other hand, energy would be removed at different temperatures from
an absorption refrigeration cycle, as a special case, we could of course perform an
analogous discussion as for the AHP cycle.

3.1.1 Entropy streams in an ideal cycle
Consider a real AHP installation with specified heat output demands Q c and QA
at constant temperatures T c and TA. Assume that an unlimited low temperature
heat source QE is available at a specified temperature TE. An overall entropy
balance for the mechanical analogy to such an AHP, according to Eq. (3.19), gives
the minimum heat input to the generator, Qc(min). a * temperature TG, and the
maximum heat input to the evaporator, Q&mU[), at temperature TE.
QE(ma») _ Qc
TE
" Tc

(3.19)

This mechanical analogy includes one or two heat engines and one or two
mechanical heat pumps, see Figure 3.1. If a variable x denotes the fraction of the
entropy flow from temperature level TG to T c , and y denotes the fraction of the
entropy flow from temperature level TE to T c , the total entropy flow to temperature level T c can be expressed as
(3.20)

Similarly the total entropy flow to TA can thus be written as
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From Eq. (3.20) the following limits can be derived
TG Qc
T c QG

Is..

Qc

QG

T c QE
^min

2

TtfSs-Ss

Q,

Tc

TG

if y = 0

(3.22)

if

y=l

(3.23)

if x = 0

(3.24)

if x = l

(3.25)

Figure 3.3 shows the entropy rates for the Carnot model of an AHP at different
generator temperatures, TG, while T c , TA, TE, Q c and QA are kept constant and
the ratio (Q</QA) i s equal to unity. When TG = 380 K and 100% of the entropy
flow from temperature level TG goes to TA, the entropy flow from temperature
level TE to T c is 66 %. Consequently, the entropy flow from temperature level TE
to TA is 34%, because the absorber temperature level is at a lower temperature
than the condenser temperature level. On the other hand, when 100% of the
entropy flow from temperature level TG goes to T c , the entropy flow from temperature level TE to T c is 31 % and the entropy flow from temperature level TE to
TA is 69%.
1.0T

TC- 310 K
TA- 296 K
T E = 275 K
360 S T G S380 K (AT« 5 K)

0.8-•

«1.0

0.2-•

H 1
0.0
0.2
0.0

1

1

1

0.4

1
0.6

1

1
0.8

1—I
1.0

X

Figure 3.3

Entropy flow diagram for the Carnot model of an absorption heat pump at different generator temperatures.
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3.1.2 Comparison with other Carnot models
Let us consider an operation case where the process in the condenser and evaporator is thermodynamically reversible, that is, when the reduction in entropy in
the condenser equals the gain in entropy in the evaporator, i.e.

TE

_Qc
" Tc

(3.26)

and consequently
QG _ Q A
TG ~ T A

(3.27)

Ally38 derived the following expression for COP rh of absorption heat cycles
operating between four temperatures levels:
p nU rp
^

T T C - TVTE
= —G——
- -

rh

a oa\

T (T
TM
A
G'V*C~ 1 E '

(o.ZO)

On the other hand, Kaushik et al.39 derived the following equation for the
refrigeration cycle operating between four temperature levels:
COP rc =

T — AT
%1
T
l
G

T

E

T

C ~

(3.29)

l

E

which together with Eq. (3.3), becomes similar to Eq. (3.28). From Eqs. (3.1),
(3.27), and (3.28) the heat rate (Qc/QA) can be expressed as
Qrl
s

_Sk

Q>\ k

TG
_k

- TA

Tc

a.

TA

/o nnx
(330)

k

TC-TE

In ASHRAE Handbook of fundamentals*0, the COP rc is defined for four
temperature levels as

COPrc=

V

C
T

%

(3.31)

based on the contradictory assumption that
=

G

m~

(3.32)

l

c
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From Eqs. (3.1), (3.31) and (3.32), the ratio (Qc/QA>can n o w be expressed as
(3.33)
Q A J ASHRAE

From Eqs. (3.30) and (3.33) it is clear that, when different COPr are compared at
different temperatures of TA or Tc, the heat rate (QC/QA) i& n o t constant. Accordingly, it is not possible to compare one cycle with another at different temperatures of TA or Tc, because they will have totally different heat outputs Q c and QA
from the condenser and the absorber respectively.
It should be mentioned that none of the models are erroneous, but they are neither general nor comparable because they show two completely different and
very rare operation cases, with different values of the ratio (QC/QA)- A comparison between the Kaushik and ASHRAE models ia given in Figure 3.4 where
COPrh is plotted v.s. (Q(/QA) using one of the examples from Kaushik et al.39.
4.0T
375 K
Tc« 310 K
T E - 275 K
295 <. TA <.325K(AT = 5K)

Figure 3.4

Comparison between the Kaushik and ASHRAE models
for COP;.„.

The two dotted lines show how the ratio (Q(/QA) changes for different temperatures of TA. For instance at TA = 310 K, represented by the bold line, the value of
COP,h is 2.36 for both models, but the ratio (Q(/QA) is 0.54 for the ASHRAE
model and 1.86 for the Kaushik model. With the new Carnot model, the entropy
flow diagram given in Figure 3.5 shows that the total reduction in entropy in the
condenser does not have to equal the total gain in entropy in the evaporator or
the total gain in entropy in the generator.
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Figure 3.5

1.0

Comparison between the Kaushik and ASHRAE models
for different entropy streams.

Figure 3.5 also shows that the COPrh has the same value for both models when
TA = 310 K, because the two curves are parallel at this temperature. The two
curves have the same value of the slope coefficient

QE

derived from Eq. (3.20). With constant generator and evaporator temperatures,
the slope is a function of the inverse of the COPrc.
It can be concluded that the general and correct equation for the Carnot coefficient of performance, COPrh, is the one defined by Eq. (3.12) based on the new
Carnot model with two heat engines and two mechanical heat pumps and the
important fact that the cycles must operate under the same conditions when they
are compared.

3.2 On the efficiencies of absorption heat
pumps
In the previous section COPr h was derived as the highest possible COP-value for
a fictitious reversible cycle. However, this efficiency has no practical use by itself
as will be shown in Section 3.2.4, but together with the real COP-value, COPh , it
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will have a direct bearing on describing how far from ideality a real cycle is
operating.

3.2.1 Thermodynamic efficiency
Consider the thermodynamic efficiency, E^,h , to be defined according to

that is

Eth.h

Ah, AhJ

*

[AhE Ah c

(3.35)

Ah E Ah G
Assuming that heat energy is transferred to and from the AHP at constant
temperatures T o , TE, TA, and T c , E^j, can then be expressed as:

This equation relates E^h to the energy output from the absorber and condenser,
energy input to the generator, and the four temperatures TG, TE, TA and T c .
When heat energy is delivered from the absorber and condenser at the same
temperature Tm, the expression for the thermodynamic efficiency can be further
simplified to:
EAk * COPh• T °
• T " " TE = - ^ 5 i h
h
*
T r - TF
Tm
COPrh

no7)
(d37)

3.2.2 Ezergetic efficiency
The thermodynamic efficiency discussed above provide expressions for the performance of AHP systems, but do not depict the complete picture. In particular,
the quality of the energy input and output is not specifically addressed by these
performance measures.
The exergetic efficiency, E e i , is defined as the ratio of the exergy expended by
the system and exergy gained to the system.
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lAe,

(3.38)

The exergy change for an external cooling or heating stream can be written as:
m-Ae = m-Ah-m-T0-As

(3.39)

where T o is the reference temperature and may be chosen at a level where heat
energy is considered worthless for the process under consideration. This gives
directly
m-Ae = Q

Tp-As
Ah

where Q is the cooling or heating energy flow. Provided that TE = T o the exergetic
efficiency for an AHP can thus be written according to

E..,, -

Asc
Ahc

+ Qc

T o AhAJ

Mi-

(3.41)

AhG

Assuming that heat energy is transferred to generator and from absorber and
condenser at constant temperatures TG, TA, and T c respectively, the exergetic
efficiency can then be written as follows:

(3.42)
T

o

l

a

It may be observed that Eqs. (3.36) and (3.42) become similar if T o = TE . Consequently, the exergetic efficiency, E e i h , is a function of the same process variables
as those for the thermodynamic efficiency, E^ h. When heat energy is delivered
from the absorber and condenser at the same temperature Tm, the above
equation can be simplified to:
E«h = COPh

T o - TE

TB

= E,,

COPh
COP,r.h

(3.43)

It should be mentioned that the selection of an appropriate reference state is
important as it is explicitly involved in calculating exergy. Hence, changing reference state values will lead to different exergy values, but as one is generally
interested in calculating the exergy in a relative (i.e. comparative) sense and not
in the absolute values, this limitation should not be considered as too serious.
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3.2.3 Exergy index
The exergy index, I M , first proposed by Pereira and Bugarel84 for an AHT, is
considered as an adequate indicator of efficiency for these systems. The exergy
index is defined as the ratio of the exergy produced and exergy lost.
(3.44)
B

out

Neglecting the work done by the pumps, Iex h is defined for an AHP as the ratio of
the exergy produced in the absorber and condenser and the irreversibility of the
total cycle, 4>, and can thus be written as follows:
A8i

Qc

Ah,

T n Ah,

(3.45)

Using the Second law of thermodynamics, the irreversibility <P in any transformation is equal to T 0 As, where As is the total entropy increase of the system
and surrounding. Applying the First and Second Law of thermodynamics for the
case when TE = T o , 4> can be expressed as:
= Q•a-

As,
To Ah,

Tn

Asc
Ahp

Ah

(3.46)

Assuming that heat energy is transferred within the AHP system at constant
temperatures TG, T c and TA, the exergy index can be written as follows:
QA
'ex.h

=

hr~

J__J.

1 .1
To

1

T"

To T A

To

(3.47)
To

Tc

or
l

O

(3.48)

If heat is delivered from the absorber and the condenser at the same temperature, i.e. TA = T c ss Tm, the above equation can then be rearranged to give the
relationship between Iex h and COPh:
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(3 49)

-

COPh

T
G

From Eqs. (3.42) and (3.47) it follows that the exergy index I ei h , exergetic
efficiency E M h , and thermodynamic efficiency E^ h are interrelated by the
following simple expressions when T o = TE,
(3.50)

3.3 Results and discussion for absorption heat
pumps
To obtain a numerical value of the five efficiencies outlined above, calculations
with different circulation ratios were made for fixed AHP configurations. The
circulation ratio, / , is defined as:
/ = TT^T

= ir

(3.51)

Utilizing SHPUMP, it was possible to simulate the different alternatives and plot
the results. Consider the two AHPs A and B, shown in Figure 3.6 and Figure 3.7,
respectively. They have identical configurations, except that AHP A has no
solution heat exchanger. It was assumed that both cycles will be operated using
H2O - LiBr as the working pair, and they were simulated using the data shown
in Table 3.1.
Table 3.1

Input data to SHPUMP.
Cycle» A and B

Heat input to evaporator
UA-value of evaporator, absorber,
generator and condenser
Pressure in generator and condenser
Temperature of steam to evaporator
Temperature of steam from absorber
Temperature of steam from condenser

2500 kW
500 kW/cC
103 kPa
68 °C
85 °C
95 °C

Cycle B
UA-value of solution heat exchanger
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200 kW/°C
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Absorption heat pump A, without solution heat
exchanger.

M 68-C
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Figure 3.7

Absorption heat pump B, with solution heat exchanger.
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The four efficiencies COPh, COP r h , EAh and E r a h are plotted, as function of the
circulation ratio /, for both cycles in Figure 3.8.
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Figure 3.8

Absorption heat pump efficiencies as function of
circulation ratio.

When calculating the COP rh for both real AHPs it is the Carnot coefficient of performance for the fictitious mechanical analogy to the real AHP that is calculated.
Figure 3.8 shows higher values of COP rh for AHP A, compared to AHP B, with
relatively small differences at low circulation ratios. This can be explained by an
analysis of Eq. (3.13) which reveals that only the heat output from absorber, QA,
will have significantly different values for both AHPs. For instance at / = 20, the
COPr h-values for AHP A and AHP B are 3.05 and 2.87, respectively. It may be
observed that the primary energy supplied to the generator, QG, is not directly
involved in the derivation of Eq. (3.13). On the other hand, the minimum heat
flow required in the generator, Qo<r.min)> c a n De extracted from Eq. (3.12). Thus,
for / A = 20, the absorber of AHP A will deliver 4979 kW at 85°C, if Q^, min) =
2503 kW is supplied to its generator at 139°C. The corresponding values for AHP
B, operated at the same circulation ratio, would only be 3140 kW and 1995 kW,
respectively. Consequently, the marginal input of 508 kW in the generator of
AHP A would result in an excess heat output of 1839 kW in the absorber. This
elaboration indicates that, like COPh, the Carnot efficiency COPr h is not the
correct measure to describe the best AHP cycle operation.
The thennodynamic efficiency E^ h is also shown in Figure 3.8 for different circulation ratios. At the higher circulation ratio of / = 20, E^,, is 24.5 % higher for
AHP B. This type of efficiency seems to be more logical, since it takes into consideration the real heat input to the generator. However, it should be observed
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that the numerical value of E^,, is always less than 1.0 due to the fact that Eq.
(3.34) expresses this efficiency as the quotient between Qc<rmiJ)) and QG.
The exergetic efficiency EM h offers a possibility to choose the reference temperature T o at a level where heat energy is more or less worthless for the process in
consideration. Choosing T o to be equal to the temperature of the medium on the
heating side of the evaporator, viz. 68°C, the exergetic efficiencies of the two
AHPs will be the same as E^ h as indicated by Eq. (3.42). The exergetic efficiency
can be considered as an alternative to E^ h but it offers a possibility to take into
account any temperature level where heat energy may be considered worthless.
As expected, the COPh of AHP B is higher than the corresponding value for AHP
A (without solution heat exchanger). If both AHPs are operated at the low circulation ratio / = 5, the solution heat exchanger would contribute to an increase of
the COPh by only 8.3%. At the high circulation ratio / = 20, the COPh will increase by 18.1%. This indicates that the COPh is insufficient to compare different
AHPs, even when they are operated at the same circulation ratio. The increasing
difference in the coefficient of performance will be amplified if the coefficient of
performance for cooling COPC is used as can be seen in Figure 3.9.
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Figure 3.9

Coefficient of performance for cooling as function of
circulation ratio.

In this case, the performance of AHP B will increase by 20.2% and 55.1% for / =
5 and / = 20, respectively.
The AHP A, without solution heat exchanger, involves some irreversible processes with high exergy losses. The strong solution coming from the absorber enters
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the generator at a temperature far below TG and will inevitably undergo some
pre-heating in the generator before vaporization occurs. Similarly, the weak solution leaving the generator at the high temperature level is only able to absorb the
vapour coming from the evaporator if the solution is cooled to a lower temperature. The pre-heating of the strong solution and the cooling of the weak solution
are connected with high exergy losses with a consequent reduction in the performance of the cycle. Consequently, the necessary heat input QG to the generator of
AHP B will be reduced, as clearly shown in Figure 3.10. Although the heat output QA from the absorber will also be reduced, a thermodynamic analysis shows
that the performance of the whole cycle will be improved.
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Figure 3.10 Heat flows as function of circulation ratio.
However, this improvement is remarkably small as discussed earlier. For the extreme circulation ratios of/A = 5 and / B = 20, AHPs A and B would have COPh
values of 1.69 and 1.76, respectively. As can be observed, the difference is only
4.1% in spite of the considerable difference in the circulation ratio of both cycles.
This result may be explained by studying the thermal energy streams, displayed
in Figure 3.11. This figure indicates that 88% more heat will be needed in the
generator of AHP A to pre-heat the strong solution coming from the absorber. On
the other hand, the absorber in this configuration would deliver 160% more heat
due to the larger amount of water vapour that will be flashed off the superheated
weak solution. This vapour will be condensed and absorbed at its saturation
temperature corresponding to the pressure prevailing in the absorber.
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Figure 3.11 Heat required for solution pre-heating and heat liberated
from solution flashing as function of circulation ratio.
As a result of increasing the circulation ratio, the mass flow rate of working solution streams will increase, and this would result in an increase of the heat input
QQ to the generator in order to provide for an equal increase in the energy
needed to pre-heat the strong solution in the generator, Q0,Pre-heaf Tn e mass flow
rate of vapour in the generator is almost constant due to the constant value of
QE. Although this increase is more pronounced in the case of AHP A, it has a
small influence on the COPh, since it is counter-balanced by a corresponding increase of the heat delivered to the absorber by the flashed water vapour, QA>fluh.
Furthermore, QG is supplied to the generator at high temperatures while the
energy output QA is delivered by the absorber at low temperatures. For AHP B,
the thermal efficiency of the solution heat exchanger will decrease as the circulation ratio increases. This would result in a slight increase in both Qa,pre-heatan^
Q/Uluh-

As the circulation ratio decreases, steam at higher pressures must be used as an
energy source in the generator in order to maintain the saturation temperature
of steam (85 °C) delivered by the absorber. For instance in both cycles, steam at
approximately 5.0 bar (152 °C) must be used in the generator of the AHP if / = 5,
and at 3.5 bar (139 °C) if the AHP is operated at / = 20.
Figures 3.12 and 3.13 depict the operation cycle of AHPs A and B, respectively,
at three different values of circulation ratio; / = 5,10 and 20. These cycles are
simulated and plotted in enthalpy - concentration diagrams for H2O - LiBr as the
working pair.
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three different circulation ratios.

H 2 O-LiBr

PI = 22.9 kPa
P2 = 103 kPa
Tl = 50'C, AT=10*C

0.40

0.45

0.50

0.55

0.60

Concentration kg H2O / kg solution
Figure 3.13 Operating cycle for absorption heat pump B operated at
three different circulation ratios.
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Point a; represents the weak solution just before passing through the expansion
valve attached to the absorber. This point will be located above the isobar P, if
the weak solution entering the absorber is superheated, as shown in Figure 3.12
for all cases and in Figure 3.13 for fB = 20. If, on the other hand, the weak solution is subcooled, point aj will be located below the isobar Pj, as the case for fB =
5 and fB = 10. Point b, represents the weak solution at pressure Px and saturation state which is reached either by flashing the superheated solution or by
absorbing vapour to the subcooled solution, as shown in Figures 3.12 and 3.13,
respectively. In the absorber, the saturated weak solution will absorb vapour,
coming from the evaporator, at constant pressure P t until point q is reached.
The strong solution, at point Cj, is pumped to the higher pressure P2. In Figure
3.12, the change from point c; to point dj represents the pre-heating of the
strong solution in the generator. On the other hand, part of the state change from
point c, to point d; in Figure 3.13 represents the heat exchange between the
strong and weak solution, as obviously indicated by the six parallel lines. In the
generator, the strong solution will be regenerated to the weak concentration,
represented by points aj and e; in Figures 3.12 and 3.13, respectively. It may
be observed that for both AHPs, while TA, T c and TE are kept constant, the generator temperature TG decreases from 152 °C to 139 °C as the circulation ratio /
increases from 5 to 20.
Neither the Carnot efficiency nor the thermodynamic efficiency takes the different irreversibilities, occurring in the AHP cycle, into consideration. Figure 3.14
clearly reveals that the Iex h function has a v>ry different pattern within the
circulation ratio range / = 5 - 20 compared to the other efficiencies.
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Figure 3.14 Exergetic index as function of circulation ratio.
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The exergetic index values 1.01 and 0.95 were obtained at fA = 5 and / A = 20,
while the corresponding values of I M h at / B = 5 and / B = 20 were 1.24 and 1.58,
respectively. Thus, the exergetic index Iex h reflects very clearly the considerable
difference in the performance of both AHPs. Table 3.2 summarizes the calculated
values of the different efficiencies for both AHPs for three different operation
cases.

Table 3.2
Efficiency
COPh
QE'QG

COP rh
Eth.h = Eex.h
Ie,h

Calculated efficiencies for both absorption heat
pumps (To = 68 °C).
AHPA
/ A = 5.0

AHPA
= 20.0

AHPB
/ B = 20.0

1.49
0.49
3.05
0.49
0.95

1.76
0.76
2.87
0.61
1.58

/A

1.69
0.69
3.36
0.50
1.01

3.4 Carnot comparison of multi-temperature
levels absorption heat transformers
In the new mechanical analogy to an AHT, the fictitious heat engine transfers
heat from one or both temperature levels of the evaporator and generator to the
temperature level of the condenser. The fictitious mechanical heat pump transfers heat from one or both temperature levels of the evaporator and generator to
the temperature level of the absorber. In a real AHT, heat is supplied at the
generator and evaporator temperature levels. A fictitious ideal cycle with exactly
the same heat inputs from the same heat sources gives the maximum heat output
at the absorber temperature level. It is also easy to imagine such a cycle as a
combination of several mechanical Carnot cycles as illustrated in Figure 3.15.

Figure 3.15 Examples of Carnot models of absorption heat
transformers.
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Now consider a real AHT installation with specified heat sources at constant
temperatures TE and TG, and with specified heat input streams QE and QG.
Assume that an unlimited low temperature heat sink Q c is available at a specified temperature T c . The useful heat output from this cycle is QA at temperature
TA. The coefficient of performance for temperature-amplifying, COPt, is defined
as
(352)

From a thermodynamic point of view, a fictitious reversible cycle operating with
exactly the same temperature levels and the same specified heat inputs as the
real cycle would give the maximum possible value of the coefficient of performance. This coefficient of performance is commonly referred to as the Carnot
efficiency, COP , , or the Carnot COPt. It can thus be defined as
r>r»D
C0P

=

rt "

"A(rmax)
( 3 5 3 )

QE + QG

where Q^rmax) *s ' h e highest possible heat output from the absorber for given
heat inputs to evaporator and generator, Q E and Q G , respectively.
Using the general entropy and enthalpy balances for absorption heat cycles from
Section 3.1, Eq. (3.5) gives
nif.-Asr; + nip-Asp — m A -As A

"c5-2-~

{—~
8

— -

(3.54)

which together with Eq. (3.6) would yield
AsG
ASE
ASA
m A AhA + m G -Ah c — + m E A h c — - m A -Ah c —
= m o -Ah G + m E -Ah E

(3.55)

Rearranging and solving for m A AhA we get

mA-AhA = mG-AhG •

Ah r As r

-r^-f

AhAs

+ mE-AhE

AhpASp

-f—£

AhAs

(3.56)

" AhA Asc
where mA-AhA is the highest possible heat energy that can be delivered from the
absorber, QA(r max). The following equation can then be written:
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E

Q*,T.mai)

(3.57)

AhA-Asc
Together with the definition in Eq. (3.53), Eq. (3.57) would yield:
la

_

AhcAsG _

QE
Ah E -As c

COP r , =

1-

Ah c Aa A

(3.58)

AhAAsc

After some algebraic rearranging, the coefficient of performance for a reversible
heat transforming process can be written according to
As,
QG

COPr t =

As,
*E

Ahc AhG

Ahc AhE

(3.59)

Ahc
As assumed earlier, heat energy is transferred to and from the AHT at constant
temperatures TG, TE, TA, and Tc, and the highest possible COP for the fictitious
reversible cycle can consequently be expressed as:

Qo

COPr, =
1

J.

^*E

1

(3.60)
X

As expressed by Eq. (3.60), the Carnot efficiency is a simple function of the quotient between energy input to the evaporator and the generator as well as the
four temperature levels of the reversible cycle. When heat energy is delivered to
the evaporator and generator at the same temperature Tm, Eq. (3.60) can be
further simplified to the following form:

copr.t =

Tm-Tc

(3.61)
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LHfferentiaUng Eq. (3.60) w.r.t. (QE/QQ) will yield:
d(COPT.%'
rt )

_

(3.62)

It can be observed from Eq. (3.62) that:
• If TG < TE, the above derivative is always positive and COP rt would
increase with increasing (QE/QQ) and will reach its asymptotic value
when QG-» 0, i.e. (QE/Q O ) -> ~. Consequently, COP rt is maximum when
all heat is delivered at TE.
• If TG > TE, the above derivative is always negative and COP rt would
decrease with increasing (QE/Q G ) and will reach the same asymptotic
value when QE-» «>, i.e. (QE/QG) -* °°- In this case, COPr t is minimum
when all heat is delivered at TE.
• If TG = TE, the above derivative will be zero and COPr t will attain the
same asymptotic value irrespective of (QE/QQ)- In this case, COPr t is
constant for all values of (QE/Q0).
Keeping TE,TA and T c constant, this behaviour is displayed in Figure 3.16 for
different generator temperatures TG.
TA

«405K

TE • 370 K
Tc -300 K
35S S TQ S 386 K (AT- 5 K)

Figure 3.16 COPrl as function ofQE/Qo for different generator
temperatures.
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Because of the indeterminate form of Eq. (3.60) when (Qj/QG) -» °°. the same
heuristic approach as in Section 3.1 can be used to obtain the following equation
for TG < TE:
fi

COP,. =

< :

A
T

*&

A

^E

A ~

T
'•C

when | s - > ~

(3.63)

**G

Similarly, for TG > TE, Eq. (3.60) becomes

COP, t «
*»

T

° AT

T c

G

'T

TA

*A ~

when
T
*-C

TT"*"

(3.64)

""CG

It can be seen that Eqs. (3.63) and (3.64) become similar to Eq. (3.61) for the
simplified operation case when energy is delivered to the evaporator and generator at the same temperature, TE = TG = Tm.
The analysis outlined above clearly indicates that the specified ratio (QE/QG)
should be the same when comparing COP rt of different cycles. This includes the
comparison between a real and an ideal cycle.

3.4.1 Entropy streams in an ideal cycle
Now consider a real AHT installation with specified heat sources QE and QG at
constant temperatures TE and TG. Assume that an unlimited low temperature
heat sink, Q c , is available at a specified temperature T c . An overall entropy
balance for the mechanical analogy to such an AHT, according to Eq. (3.65), gives
the maximum heat output from the absorber, Q^mui»a* temperature TA, and the
minimum heat output from the condenser, Qc(min), at temperature T c .
Qg . QG _ QA(m«) .

T
E

T ""
l
G

T
A

X

We could of course perform an analogous discussion for the mechanical analogy
of an AHT cycle as for the mechanical analogy of the AHP cycle. Figure 3.17
shows the entropy rates for an AHT at different absorber temperatures, TA, while
TE, T o , T c , Q c and QA are kept co>.ntant and the ratio (QE/QG) ia equal unity.
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Figure 3.17 Entropy flow diagram for the Carnot model of an absorption heat transformer at different absorber temperatures.

3.5 On the efficiencies of absorption heat
transformers
In the previous section COPr t was derived as the highest possible COP-value for
a fictitious reversible cycle. However, this efficiency has no practical use by itself
as will be shown in Section 3.4.4, but together with the real COP-value, COP t , it
will have a direct bearing on describing how far from ideality a real cycle is operating.

3.5.1 Thermodynamic efficiency
Consider the thermodynamic efficiency, Eii)X, to be defined according to
Eth.t

COP,
COPr.t

(3.66)
**A(r.m«x)

that is
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»A

E

th.t =

I iL

——:

iL

1

—

rr

(3.67)

Assuming that heat energy is transferred to and from the AHT at constant
temperatures TG, TE, TA> and Tc, E^t can then be expressed as:
*«A ' lijT" IJI

This equation relates E^t to the energy output from the absorber, energy input
to both generator and evaporator, and the four temperatures TQ, TE, TA and Tc.
When heat energy is delivered to the generator and evaporator at the same
temperature Tm, we get

3.5.2 Exergetic efficiency
The thermodynamic efficiency discussed above provide expressions for the performance of AHT systems, but do not depict the complete picture. In particular,
the quality of the energy input and output from the system is not specifically
addressed by these performance measures. Using the exergetic efficiency definition given in Eq. (3.38) together with the exergy balance in Eq. (3.39), we may
define the exergetic efficiency for an AHT system. Since the energy output from
the condenser is practically not utilized in most cases, it will be neglected in this
analysis. Consequently, provided that Tc = T o , E Mt is defined as the ratio of the
exergy produced by the absorber to the exergy gained to the system by the generator and the evaporator, and can thus be written according to

(3.70)
QG

T O Ahoj ' ^

[To AhE

Assuming that heat energy is transferred to both generator and evaporator, and
from the absorber at constant temperatures TG, TE, and TA respectively, the exergetic efficiency can be expressed as:
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To T

J_J
T

1

(3.71)

1

TGJ

It may be observed that Eqs. (3.68) and (3.71) become similar if T o = T c . Consequently, the exergetic efficiency E M t is a function of the same process variables
as those for the thermodynamic efficiency E^t. When heat energy is delivered to
the generator and the evaporator at the same temperature Tm, Eq. (3.71) can be
simplified to:
(3.72)

Tm-T0
For the special case when T o = T c , the following simple expression can be
obtained:
E., t =

_ COPt
COP,r.t

T. - Tr
Tm-Tc

(3.73)

As mentioned earlier, the selection of an appropriate reference state is important
as it is explicitly involved in calculating exergy. Hence, changing reference state
values will lead to different exergy values, but as one is generally interested in
calculating the exergy difference and not in the absolute values, this limitation
should not be considered as too serious.

3.5.3 Exergy index
Neglecting the work done by the pumps and the exergy produced in the condenser, i.e. T o = T c , the exergy index I ex , given in Eq. (3.44), is defined for an AHT
as the ratio between the exergy produced in the absorber and the irreversibility
of the total cycle, O, and can thus be written as follows:

To AhA

(3.74)

•»ex.t

For the case when T c = T o , 4> can be expressed as:
T o AhE
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T o Ah

(3.75)

Assuming that heat energy is transferred within the AHT system at constant
temperatures TG, TE and TA, the exergy index can be written as follows:

-r]
j
'

=

1

f

f l

I

1

i-o
&

X

AJ

f

<-

« "<

f' •>

<•>
TA

(3.76)

COP t [T o T E j Q A [T G T E j [T o T

If the same waste heat stream is used as energy source in both generator and
evaporator, i.e. TG = TE = Tm, the above equation can then be rearranged to give
the relationship between la t and COPt:

(3.77)

From Eqs. (3.68), (3.71) and (3.76), it follows that the exergy index Iex t , thermodynamic efficiency E^ t , and exergetic efficiency E M t are interrelated by the
following simple expressions when T o = T c :
E.
(3.78)

3.6 Results and discussion for absorption heat
transformers
To quantify the five efficiencies outlined above, calculations with different circulation ratios (defined in Eq. (3.51)) were made for fixed AHT configurations.
Utilizing SHPUMP, it was possible to simulate the different alternatives and plot
the results.
Consider the two AHTs A and B, shown in Figure 3.18 and Figure 3.19, respectively. They have identical configurations, except that AHT A has no solution
heat exchanger. It was assumed that both cycles will be operated using H2O NaOH as the working pair, and they were simulated using the data shown in
Table 3.3.
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Table 3.3

Input data to SHPUMP.

Cycles A and B
Heat input to evaporator
UA-value of evaporator, absorber,
generator and condenser
Pressure in generator and condenser
Temperature of steam to evaporator
Temperature of steam to generator

2500 kW
500 kW/°C
5kPa
105 °C
74 °C

Cycle B
UA-value of solution heat exchanger

285 kW/°C

The four efficiencies COPt, COPr t> E^ t and Eex t are displayed for both cycles in
Figure 3.20 as function of the circulation ratio /. If AHT A has a circulation ratio
/ A = 2.0 and AHT B has a circulation ratio / B = 12.5, Figure 3.20 reveals that
both AHTs would yield the same COPt value, namely 0.48, in spite of the considerable difference in the circulation ratio of both configurations.
The temperature lift, in terms of absorber temperature, is plotted in Figure 3.21
as function of/. It can be seen that AHT A has a much lower temperature lift
than AHT B. The absorber cooling temperature of AHT A is 111 °C compared to
134 °C for AHT B. Obviously, the COPt is not sufficient to predict the considerable difference in performance of the two AHTs. Figure 3.20 indicates a rapid
decrease in COPt as the circulation ratio increases in the absence of a solution
heat exchanger. For instance, if AHT A would resume the same circulation ratio
as that of AHT B, i.e. 12.5, its COPt value would deteriorate, by an order of
magnitude, down to 0.046. As can be observed in Figure 3.21, the change in
circulation ratio gave rise to changes in the temperature lift. Consequently, AHT
A achieves a higher temperature lift for higher circulation ratios, but its absorber
has a very low energy output, only 120 kW, and its generator receives a very low
energy input, only 80 kW.
Referring to Figure 3.21, compared to AHT B, the higher temperature lift achieved by AHT A, in the circulation ratio range of/ = 5 - 12.5, depends on a much
lower heat input to the generator of AHT A, as can be observed in Figure 3.22.
This results in a smaller logarithmic mean temperature difference and lower
concentration in the generator and consequently a higher temperature lift in the
absorber.
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Figure 3.18 Absorption heat transformer A, without solution heat
exchanger.

Figure 3.19 Absorption heat transformer B, with solution heat
exchanger.
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Figure 3.20 Absorption heat transformer efficiencies as function of
circulation ratio.
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Figure 3.21 Absorber temperature as function of circulation ratio.
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Figure 3.22 Heat flows as function of circulation ratio.
Figures 3.23 and 3.24 depict the operation cycle of AKTs A with fA = 2.0 and B
with fB = 12.5, respectively. These cycles are simulated and plotted in enthalpy concentration diagrams for H2O - NaOH as the working pair.
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Figure 3.23 Operation cycle for absorption heat transformer A
operating at fA = 2.0.
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Figure 3.24 Operation cycle for absorption heat transformer B
operating at fB = 12.5.
As can be seen, the proportion between heat liberated, when vapour is condensed
in the absorber to heat the solution to its boiling point, and heat transferred from
the absorber is approximately the same in both cases. This gives the same COPt
value for both AHTs, irrespective of the considerable difference in the temperature lift. The operation cycle of AHT A with fA = 12.5 is plotted in Figure 3.25 on
the same enthalpy - concentration diagram.
As mentioned above, the main objective of this alternative is to increase the
temperature lift by changing the circulation ratio from 2.0 to 12.5, without using
a solution heat exchanger. It is obvious from Figure 3.25 that practically all heat
energy liberated from vapour condensation in the absorber is used to heat the
solution to its boiling point, resulting in the very low COPt value.
This indicates that the COPt can be used to compare different AHTs only when
they are operated at the same circulation ratio. It obviously substantiates the
effectiveness of heat exchange in and thermal insulation of an AHT for a fixed
circulation ratio. However, the COPt is unlikely to be an important criterion of
performance, since the energy source is usually cheap or free in the form of process waste heat streams or in some cases solar or geothermal energy.
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Figure 3.25 Operation cycle for absorption heat transformer A
operating at fA = 12.5.
When calculating the COP,t for a real AHT it is the Carnot coefficient of performance for the fictitious mechanical analogy to the real AHT that is calculated.
The Carnot efficiency, COP r t , takes into consideration the heat inputs at the
temperature levels of the generator and the evaporator and the temperature lift.
For the three discussed operation cases, where AHT A has / A = 2.0 and fA = 12.5
and where AHT B has / B = 12.5, the COP rt values 0.78, 0.74 and 0.65, respectively, were obtained. Like COP t , the Carnot efficiency COPr t is not the correct
measure to describe the best cycle operation. A better criterion should take into
consideration both the highest temperature attainable in the absorber, i.e. the
temperature lift which can be achieved in the AHT, and the real output from the
absorber.
The thermodynamic efficiency E^ t and the exergetic efficiency Eex e rre also
shown in Figure 3.20 for different circulation ratios. Eex t offers a possibility to
choose the reference temperature, T o , at a level where heat energy is more or less
worthless for the actual application. Choosing T o to be equal to the temperature
of the medium on the cooling side of the condenser, viz. 28 °C, the exergetic
efficiencies of the two AHTs will be the same as the thermodynamic efficiency
EAt as indicated by Eq. (3.73). For the three discussed operation cases, the Eth t
and the E e x t values 0.62, 0.062 and 0.74, respectively, were obtained. These type
of efficiencies seem to be more logical, since both take into consideration the
temperature lift and the heat output from the absorber.
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Figure 3.26 Exergetic index for absorption heat transformers A and B
as function of circulation ratio.
Figure 3.26 reveals that the I ez t function has a different pattern within the circulation ratio range / = 2.5 - 20 compared to the other efficiencies. For the three
operation cases discussed above, the exergetic index values 1.63, 0.066 and 2.91,
respectively, were obtained for T o = T c = 28 °C. The superiority of AHT B is very
clearly indicated when Ig,t is used. Table 3.4 summarizes the calculated values of
the different efficiencies for both AHTs for the three operation cases discussed
above.
Table 3.4

Efficiency

Calculated efficiencies for both absorption heat
transformers (To = 28 °C ) .
AHT A
= 2-0

AHT A
=12-5

/A

COPt
COP,

r,

Iext

/A

0.48
0.78
0.62
1.63

0.046
0.74
0.062
0.066
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AHT B
= 12.5

/B

0.48
0.65
0.74
2.91

3.7

Conclusion

In conclusion, the above discussion demonstrated that the exergetic index may be
considered as a more significant measure for evaluating the performance of AHP
and AHT systems, since it properly takes into account the exergy losses which
inevitably occur in these systems. It may however be stressed that exergy
analysis should be used as a complement to the First Law analysis.
The exergetic index analysis was successfully used to select the optimum
working fluid pair to be used in an AHP for energy conservation in a paper
drying process as will be discussed in Section 4.2.
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4

Industrial applications of
absorption heat cycles

The total energy used by the Swedish industry in 1991 was 135 TWh, which is
equivalent to 11.6 Mtoe (million tons of oil equivalent)42. The pulp and paper
industry, which is conventionally the largest member of the industrial sector in
Sweden, used about 45% of that amount, i.e. 61 TWh. It should be noticed however that spent liquors, internally produced by the different mills, are utilized as
prime energy source and thus 29 TWh were produced that particular year.
Examples within the Swedish pulp and paper industry include a current average
specific process energy consumption of 6.0 MWh/ton pulp (basis: 90 % dry solid
content) for bleached sulphate pulp and 4.5 MWh/ton for bleached sulphite
pulp43.
Evaporation and drying, together with distillation, are the most energy-intensive
unit operations in the process industry. For instance, the average annual energy
used in 1987 by all evaporation units in the Swedish process industry was about
11.6 TWh, of which 89.4 % was used within the pulp and paper sector alone. The
corresponding figures for drying were 21.2 TWh and 76.9 %, respectively.
Distillation plants used approximately 5.8 TWh, and a very small fraction of this
amount is assigned to the pulp and paper industry, since condensate stripping is
the main distillation process. On the other hand, heating of process water, pulp
digesting and pulp bleaching are the third largest energy intensive unit operations in that sector.
A portion of the waste heat is theoretically recoverable to produce steam or to
supply other process heating requirements. The heat recovered would reduce the
primary energy input into the process. Incorporating various types of heat pumps
within different units in a process burdened with waste heat streams having
appropriate temperature levels is an efficient method for energy recovery. A
literature survey revealed, however, that relatively few applications have so far
been implemented in the process industry.
A comprehensive study of industrial heat pump market opportunities in the
United States proctss industries was recently performed44. The US Department
of Energy (DOE) will use this study to focus research, development and
demonstration of all types of industrial heat pumps in a variety of process
industries. Based on technical feasibility, in terms of operating time and
temperature lift, and preliminary economic competitiveness, the study revealed
that the commercial development of industrial heat pumps in 27 selected
processes is projected to be 1,110 units by the year 2010. Based on the types of
processes evaluated, most of the heat pump installations will be in the chemical
industry (684 units). The food processing, pulp and paper, and petroleum
refining industries are projected to install 184, 168, and 71 units, respectively.
The implementation of this number of industrial heat pumps aid in substantial
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energy conservation. Annual energy savings have been estimated to
approximately 78.5 TWh.
In the Netherlands, it was estimated that the potential annual savings with
various types of industrial heat pumps are equivalent to about 600 Mm3 of
natural gas, comprising approximately 4% of the total industrial fuel consumption46.
As mentioned in Chapter 1, severe corrosion problems represented a major setback for the large-scale H2O • LiBr AHT operated, since October 1985, by AKZODelamine, a manufacturer of ethylene amine in Delfzijl, the Netherlands46.
Similar problems were experienced in a smaller plant of the same type in Japan.
The steam production capacity of the Delamine unit is 6.7 MW saturated steam
at 145 °C at full load, whilst 13.7 MW waste heat, in the form of saturated steam
at 100 °C, is needed to drive the system. Following a period of shut-down and
partial load operation, a comprehensive corrosion study was undertaken U
determine the causes of corrosion, and to select bettar construction materials and
corrosion inhibitors.
Based on the extensive research that was carried out in a cooperative effort by
AKZO-Delamine, Hoogovens steel industry and the Dutch research organization
TNO, another large-scale LiBr AHT unit was designed and built by RinheatAhlstrom of Finland. This unit has been operated since July 1991 at Hoogovens
steel industry47'48. The waste heat stream of this unit consists of 1,700 m 3
water/hr at 90 °C. The unit has a steam production capacity which is equivalent
to 4.1 MW saturated steam at 130 °C.
The integration of an AHT into the digester blow-heat recovery system of a batch
kraft pulp mill was recently simulated by Azaniiouch and Romagnino49 using a
process simulation programme. In the first simulation case, an AHT would take
up 17.4 MW which represents all the blow-heat available from the digesters. This
amount of heat is to be supplied at 95 °C by hot condensate from the blow-heal:
accumulator tank. The stream temperature is reduced to 85 °C. The heat delivered by the absorber would be 8.6 MW and is to be utilized in pre-heating weak
black liquor from 80 °C to 113 °C. The remaining amount of heat, which accounts
for 8.8 MW, would be utilized in the condenser to heat river water from 20 °C to
65 °C. Unfortunately, no economic analysis was performed for this simulation
case. However, in another simulation case it was proposed that the blow-heat can
be recuperated by integrating a high-temperature compression heat pump into
the digester blow-heat recovery system. An economic analysis revealed that,
based on a steam cost of $0.018/kWh and an electricity cost of $0.030/kWh, the
after-tax return on investment would be about 17%, with a pay-back period of
less than 4 years. However, it should be noticed that the design and economic
features of an actual application will be mill specific.
Calculations based on the energy consumption data for drying and an average
ingoing dry matter content of the web of 40 %, result in a specific energy use of
-68-

4020 kJ/kg evaporated water in the dryer or 1.8 times the latent heat of evaporation. This figure varies from old to new plants and depends on the specific product produced. Thus it is lower in the drying of pulp and newsprint and higher
for printed paper which requires evaporation of additional water from the coating process.
An investigation by Nygaard80 showed that in a modern and energy efficient
paper dryer a specific energy use of 2 920 kJ/kg water could be accomplished.
This value is achieved through efficient heat recovery, closed hood over the dryer,
a high dew-point of the air in the hood and reduction of air leaks in the hood.
Moreover, re-drying of paper and periods with steam dumping to the condenser
must be avoided. Nygaard also showed that optimizations in the traditional
dryer could result in a specific energy use of 2 740 kJ/kg. This would represent a
lower limit with existing traditional technology. In order to further reduce this
figure other possibilities must be investigated. Two such possibilities are either
to develop a more efficient press section or to try to utilize the latent heat of
evaporation in the wet air leaving the dryer. Efficient press sections such as
extended nip presses are already installed and much work is in progress to
further develop this part. Some calculations by Stenström and Wilhelmsson51
indicate a substantial reduction in the heat energy used if hot extended nip
presses are applied in the press section.
Up to date few, if any, heat pump units have been installed in the paper drying
process. Flow sheets based on mechanical heat pumps have been proposed for
example by Nygaard52 as is shown in Figure 4.1. In this process the dew-point of
the wet air is lowered from 62 to 45 °C by cooling with the refrigerant CFC 11 in
two stages and producing steam of 103 °C in a steam reformer. After 1995 new
installations based on CFC 11 will not be allowed and other refrigerants must be
introduced.
W?ter

Ventilation

Wet air

Steam •w
103-C *
Exhaugt.ir

Dry supply air

Figure 4.1

Mechanical heat pump flow sheet for a heat recovery
process from wet air62.
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Friedel53 investigated different applications of AHPs in the paper drying process.
A process based on a two stage AHP with H2O-LiBr as the working media was
proposed. According to the author a pilot unit was built in 1984 but nothing
further has been reported about the results.
Application of a thermal vapour compression heat pump for heating the paper
web in the wet end section of a sack paper machine would reduce the specific
thermal energy consumption by 10-13 %, according to Tarnawski et al. M . In this
application, superheated steam at 150 °C and 3.5 bar was used in a steam ejector
to compress waste vapour stream from 95 to 110 °C.
The agricultural University of Athens is currently investigating the technical
potential of integrating an open-cycle AHP with a multiple-effect evaporation
pilot plant for skim milk55. The experimental unit, with 100 kg/h evaporative
capacity, was operated using H2O - NaOH as working pair. The experimental
unit is shown in Figure 4.2.

Figure 4.2

Four effect absorption-driven evaporation plant coupled
with a two effect regenerator55.

The absorber of the AHP consists of two falling-film units incorporated at the hot
end of the evaporation plant, and utilizes the vapour leaving the last effect. Two
generator units, driven by external steam, are used for the regeneration of the
working medium. It is claimed that a 30-45% reduction in steam consumption
can be achieved by this AHP-driven 4-effect evaporation pilot plant.
Four of the largest-scale installations of AHPs have been in the Swedish district
heating system. The four installations are Uppsala 54 MW (2 x 27 MW),
Gothenburg 32 MW, Trollhättan 7 MW and Eksjö 7 MW. All four units have H2O
- LiBr as working fluid pair. District heating is an attractive application owing to
better economies of scale, and also because the required lift is beyond the economic capacity of compression heat pumps.
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4.1 Absorption heat transformer systems for
evaporation applications in the pulp and
paper industry
Due to the fact that evaporation is one of the most energy intensive unit operations in the pulp and paper industry together with the availability of massive
waste heat streams at moderate temperatures and that the evaporation and the
absorption heat cycles processes are interrelated with respect to operation and
dynamics, it is quite possible to achieve energy saving by process integration of
an AHT. Simulation results are presented in this Section for different configurations where the AHT is suggested to be incorporated in an existing evaporation
plant in a major Swedish pulp and paper mill.

4.1.1 The existing evaporation plant
In the magnefite pulping process, wood chips are treated batchwise with a
magnesium-base cooking liquor containing magnesium bisulphite. The liquor
attacks the non-fibrous materials present in the wood chips, reacting with the
lignin to form water-soluble compounds, thereby allowing separation of the cellulosic content of the chips. The spent sulphite pulping liquor is treated conventionally by evaporation and subsequent burning to produce steam and electric
power and to recover the chemicals for re-use in the cooking process.
Figure 4.3 shows a simplified block diagram of the existing evaporation plant
consisting of three units having a total evaporation capacity of 57.9 kg evaporated water/s.

—>
Thin spent
liquor 16wt%

Pre-evaporation

Thick liquor
58 wt%

20wt%|

u
Figure 4.3

Evaporation
Line 1

Evaporation
Line 2

—j

A simplified block diagram of the evaporation plant.

According to the current mode of plant operation, the evaporation capacities of
the three units are 25.9 % for the pre-evaporation unit, 51.4 % for Line 2, and the
balance for Line 1. The thin liquor is fed to a modern pre-evaporation unit,
having five falling-film evaporators, where its concentration of the solid contents
is increased to about 20 weight %. This liquor is then pumped into the two paral-
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lei evaporation units where 30 % of the liquor is assigned to Line 1 and 70 % to
Line 2. The layout of each unit is quite conventional and comparable to most
Scandinavian sulphite liquor evaporation plants where the liquor flow sequence
is 4-5-6-3-2-1. The evaporators in these two relatively old units are of the risingfilm forced-circulation type. Depending on the production scheme, each unit can
be operated either in a 5- or 6-effect. mode.
The evaporation plant is also utilized to pre-heat three external streams cf cooking liquor, process water and boiler water. A total amount of heat equivalent to
10.4 MW is extracted from the evaporation plant for pre-heating purposes. The
pre-evaporation unit delivers 32 % of the required amount of heat while the contribution of evaporation lines 1 and 2 is 48 % and 20 %, respectively.
Some boundary conditions must be fulfilled during the search for optimal energy
conservation strategies. The most important boundary conditions are:
1. to maintain the pre-heating duties as discussed above,
2. to avoid major changes in the existing plant when the AHT system is
incorporated,
3. to avoid any losses in the condensate and the boiler feed water streams,
4. to maintain the current temperature levels in some components of the
existing plant.

4.1.2 Simulation results
The two computer programme packages, INDUNS88 and SHPUMP, were used for
the simulation of the multiple-effect evaporation processes and the absorption
AHT system, respectively. A large number of computer runs were performed to
establish both local and global optimal energy conservation strategies for the
evaporation plant investigated in this work. Two case studies involving four process configurations were simulated using the above mentioned programme packages.

4.1.2.1 Case study A
T u n main objective of this case was to find the optimal energy conservation
strategy for evaporation Line 2, which is the major energy consumer f the
evaporation plant. Accordingly, the optimum location and size of the AHT nas to
be determined and the corresponding extent of the live steam that can be saved.
This objective is compatible with finding the local optimum for Line 2 together
with fulfilling the four boundary conditions mentioned above.
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The three evaporation units were first simulated using actual operating data to
calculate complete temperature, concentration and overall heat transfer coefficient (U-values) profiles. Simplified flow sheets for the pre-evaporation unit and
Line 2 are shown in Figures 4.4 and 4.5, respectively.
Liquor stream»
Vapour streams

Vapour to
.condenser

Pre-evaporated
thin liquor
20wt%

Thin liquor
16wt%

Figure 4.4

A simplified flow sheet of the pre-evaporation unit.
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A simplified flow sheet of evaporation Line 2.

As shown in Table 4.1, the total live steam consumption in the current mode of
operation, represented by Configuration Al, is equivalent to 25.8 MW, divided
between the three units in the ratio of 2.3 %, 33.1 % and 64.6 % respectively. The
U-values and apparent temperature differences in the falling-film pre-evaporation effects were in the range of 0.8 -1.1 kW/m2°C and 3.6 - 7.8 °C, respectively.
The corresponding values for the forced circulation effects of Line 1 were 0.4 - 1.1
kW/m20C and 3.4 - 20.8 °C and those for Line 2 were 0.8 -1.7 kW/m2°C and 5.1 18.4 °C, respectively.
The comparatively low U-values obtained for the falling-film evaporators can be
explained by the fact that practically no live steam is consumed within the preevaporation unit. Instead, the incoming thin liquor is allowed to expand in a
series of flash tanks to produce a sufficient amount of vapour in order to achieve
a certain concentration rise. This option of operating conditions with low vapour
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Table 4.1

Live steam consumption for current (Al) and modified
mode (A2) of operation for Line 2.

SP

s2

Si

Conf. kg/s MW kg/s MW kg/8

Saving in s 2
IS
MW MW kg/a MW %

Al

0.26 0.59 4.03 8.5

7.86 16.7 25.8

A2

0.26 0.59 4.03 8.5

6.40 13.6 22.7 1.46

3.09

Saving in Z S

MW %

18.5 3.09 12.0

flow rates, and correspondingly low heat fluxes, would result in extremely low
heat transfer coefficients on the vapour side of the heat surface. Based on plant
operating data, the hydrodynamic behaviour of this unit confirmed this explanation, and a fundamental modification of the vapour flow pattern is therefore suggested in case study B discussed later in this work.
Different system configurations were simulated to determine the optimum location and size of the AHT67. The best results were obtained by Configuration A2
shown in Figure 4.6. The AHT boosts the temperature of the vapour leaving the
last effect from 70 to 101 °C. This vapour is to be mixed with the vapour leaving
the third effect and used as the heating medium in the fourth effect.
Liquor stream»
Vapour itreami

Thick liquor
58wt%

Figure 4.6

Pre-evaporated
thin liquor

Configuration A2: An absorption heat transformer
incorporated in existing evaporation Line 2.

Simulation models for laminar and turbulent falling film absorbers and generators were recently used to evaluate the influence of several physical properties
such as mass diffusivity, viscosity, thermal conductivity, specific heat, and
density68'69. The models for the turbulent falling film were used in this study to
compare two working pairs; H2O - NaOH and H2O - LiBr. The simulation
results, displayed in Table 4.2, revealed that the heat transfer area of the absorber and generator would be 87.6% and 14.5% larger, respectively, if the H2O LiBr working pair was used.
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Table 4.2

Simulation results based on mass diffiisivity and a
turbulent falling film in both components.

Variable

Absorber
LiBr
NaOH

h (kW/ m 2°C)
k; (m/s)

Generator
NaOH
LiBr

3.7

2.8

2.3

2.1

5.410-4

2.810-4

1.4 10-4

1.610-4

322

604

681

780

A(m2)

Consequently and for this particular application, the total heat transfer area
needed in both components would be 38.0% smaller if the H2O - NaOH working
pair is used instead. As can be observed from Table 4.2, this saving is attributed
to more favourable values of both local heat and mass transfer coefficients of the
electrolyte solution, h and k/-values, respectively. As can be seen in Table 4.1, the
AHT would reduce the amount of live steam consumed in Line 2 by 18.5 %,
corresponding to 3.09 MW. Compared to the total thermal energy required, this
saving would be 12.0 %. The basic design parameters for the AHT system, which
would deliver an output of 6.3 MW, are displayed in Table 4.3. Based on the H 2 O
- NaOH working pair, the operating pressure range would be 3.3 - 25 kPa, while
the concentrations would be 51.3 and 48.7 weight % for the strong and weak
solutions, respectively.
Table 4.3

Basic design data for the liquor evaporation absorption
heat transformer system in Configuration A2.

Variable

Evaporator

Generator Absorber

Condenser H. Ex.

Effect
(kW)
Flow rate
(kg/s)
Temperature
(°C)
LMTD
(CC)
Pressure
(kPa)
Cone.
(wt% H2O)

7500
3.2 0

6330
2.7 0

6310
2.8 0

7520
242 b

70
5.0

70
4.2
3.3

101
5.7

100

48.7

25.0
51.3

22
6.5
3.3
100

UA

1,500

1500

1100

1150

25.0

(kW/°C)
a

Steam

b

10.1

510

Cooling water

4.1.2.2 Case study B
The objective of this case was to find the global optimum where the maximum
energy conservation can be achieved for the entire evaporation plant, together
with savings in heat transfer areas for the potential capacity increase. The four
boundary conditions mentioned above are still valid for this optimization case.
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To improve the relatively low U-values and the extremely small flow rates of all
heating vapours in the pre-evaporation unit, much more live steam should be introduced to the first effect of the unit, and the incoming thin liquor would correspondingly be expanded to the pressure prevailing in the second effect.
Such an arrangement, Configuration Bl, would result in U-values and apparent
temperature difference profiles in the range of 2.11 - 3.28 kW/m2°C and 4.0 - 7.1
"C, respectively. As can be noticed, the U-values now correspond to those usually
expected for falling-film evaporators, operated within the concentration and
temperature ranges of this system, while the temperature profile of the unit
remains nearly unchanged. The concentration of the liquor leaving the unit
would increase to 28.2 weight % and its flow rate would accordingly be reduced
by 30 %. Line 2 alone would be more than sufficient to concentrate this stream to
the specified final concentration, and Line 1 would therefore be available to increase the total evaporation capacity of the plant, if required. It must be mentioned that the 10.4 MW needed for pre-heating purposes in the current mode of
operation would be extracted within this and the following configurations from
the pre-evaporation unit and Line 2.
As can be seen from Table 4.4, the direct consequence of this slight modification
in the mode of operation of the pre-evaporation unit would be the release of the
available transfer areas of Line 1 for capacity increase while maintaining the
total energy requirement at the current level. Introducing live steam to the first
effect results in utilization of the full design capacity of this modern pre-evaporation unit.
Table 4.4

Live steam consumption for modified mode of operation
without absorption heat transformer (Bl) and modified
mode with absorption heat transformer (B2).

c
SP
Saving in s
IS
Si
?2
2
Conf. kg/s MW kg/s MW kg/s MW MW kg/s MW %

10.3 -

Bl

4.57

B2

4.57 10.3

-

Saving in I S

MW %

7.21 15.3 25.6
6.60 14.0 24.3 0.61

1.3

8.5

1.3

5.1

In the last Configuration (B2), an AHT would be incorporated in Line 2, while
implementing the modifications suggested in Configuration Bl. Having secured
the heat transfer areas of Line 1 for capacity increase, the main objective of this
alternative is to reduce the energy requirement of the entire evaporation plant,
achieved by incorporating the AHT in Line 2. This configuration is shown in
Figure 4.7.
The temperature of the vapour leaving the last effect was deliberately increased
by 16 °C in order to improve the performance of the AHT. Since the feed effect
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28wt%

Configuration B2: Modified pre-evaporation unit and
absorption heat transformer incorporated in existing
evaporation Line 2.

would now maintain a boiling temperature of 101 °C, the inr . ng feed at 80.5
°C was simulated to be pre-heated 20 °C in two heat excbr.< *rs utilizing
secondary vapours generated in the 4th and 5th effect? J r-y, ailing an AHT
according to this configuration would save 1.3 MW c' - .^mal energy. Compared
to Configuration Bl, this amount corresponds to a t \ng of live steam, consumed
in Line 2, of 8.5 %. On the other hand, if this saving is related to the total energy
required in the current mode of operation, it would result in an overall saving of
5.1 %. It must be reiterated that Line 1 would be available to increase the total
evaporation capacity if required.
Table 4.5 shows the basic design parameters for the AHT in this configuration.
As can be seen, it would boost the temperature of the vapour leaving the last
effect from 86 to 106 °C and deliver an output of 2.7 MW. It may be observed that
the pre-heating duties currently performed ( case study A) by Line 1 would now
Table 4.5

Basic design data for the liquor evaporation absorption
heat transformer system in Configuration B2.

Variable
Effect
(kW)
Flow rate
(kg/a)
Temperature (°C)
(°C)
LMTD
Pressure
(kPa)
Cone.
(wt% H2O)
(kW/°C)
UA
a

Steam

Evaporator Generator Absorber Condenser H.Ex.
3170
2700
2690
3180
a
b
1.4
1.2 «
1.2»
23
86
86
106
47
5.0
4.4
5.9
14.0
10.5
13.0
49.3
49.3
13.0
100
56.6
59.5
100
630
610
450
230
100
Cooling water

be integrated in Configurations Bl and B2. The resulting excessive secondary
vapour withdrawals would correspondingly reduce the flow rate of the vapour
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leaving the last effect of each unit in Configurations Bl and B2. This in turn
would result in a smaller AHT system. Based on H2O - NaOH as the working
pair in the AHT, the operating pressure range would be 13 - 49 kPa, while the
concentration would be 59.5 and 56.6 weight % for the strong and weak solutions, respectively. It should be pointed out that the condenser in Configuration
B2 is operating at a saturation temperature of 51 °C and would have the capacity
of pre-heating duties of 3.2 MW.

4.1.3 Economic evaluation
An economic evaluation was performed to determine the economic feasibility of
incorporating AHT systems in this type of evaporation plants. Based on the
information obtained for the Hoogovens plant47 and existing cost functions*4»60,
which are presented in Appendix 2, the installed equipment cost was assumed to
be 410 $/kW of delivered heat for case study A and 550 $/kW of delivered heat for
case study B. The pay-off period of this type of investment depends mainly on the
local steam cost, AHT efficiency and also on how much of the existing equipment
in the evaporation plant that can be utilized as components in the AHT. In this
work, the third factor was not considered in the economic evaluation and a COP
of approximately 45 % was assumed. The annual plant operation time and steam
cost were taken as 8000 hrs and 0.024 $/kWh, respectively. Figure 4.8 shows the
pay-off periods for the two case studies for different steam costs. As indicated in
this figure the pay-off periods for the AHTs in Configurations A2 and B2 would
be 4.4 years and 6.0 years, respectively. It should be noticed however that this
steam cost, corresponding to 14 $/ton, is considered to be relatively low compared
9.0Case »tudy A
Cage study B

8.0-

6.0- <
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«
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5.0<
4.0-
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10.0

15.0

20.0

•+•
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40.0

Steam cost ($/ton steam)
Figure 4.8 Pay-off periods for case studies A and B versus steam cost.
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to a comparable Scandinavian pulp and paper mill having the same capacity. For
a steam cost of 20 $/ton, the pay-off period for the concidered configurations
would be reduced to 3.1 years and 4.2 years, respectively.

4.2 Heat pump systems for drying application
in the pulp and paper industry
Drying is one of the most energy intensive and commonly used unit operations in
the chemical and process industries. Consequently, the scope for energy recovery
is substantial, particularly if the latent heat associated with the water content of
the exhaust wet air can be recovered. In this investigation, particular attention
has been devoted to identifying some waste heat streams, available in the drying
process, that can be used for energy recovery using different heat pump systems,
with special emphasis on both compression heat pumps and AHPs.

4.2.1 Existing heat recovery systems
The pulp and paper mill investigated in this work is producing thermo mechanical pulp (TMP), newsprint and Light Weight Coated paper (LWC). The annual
paper production capacity is 485,000 ton of newsprint paper and 165,000 ton of
LWC paper produced by four separate paper machines (PMs). The newsprint
paper is exclusively made of TMP while the LWC paper is currently produced
using 60% TMP and 40% sulphate based pulp.
All four PMs have separate heat recovery systems for the exhaust wet air
streams leaving the dryer. Figure 4.9 illustrates a schematic flow diagram of the
existing heat recovery system.
Dry supply air

» 45 *C

-35'C

Wet air,
- 75 'C '

Exhaust air
• 54-C

Steam
3.5 bar "

Ventilation

Water

Dry supply air
-95'C

Figure 4.9

Schematic flow diagram of the existing heat recovery
system.
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The recovery systems comprise a three-step process system where the outgoing
exhaust air first is heat exchanged with incoming supply air. In the next step the
outgoing air is either heat exchanged with water (PM1) or air (PM2, PM3 and
PM4) for space heating of the plant. The final recovery step is designed to preheat process water. Instead of a heat exchanger, a water cooling tower is used in
the last recovery step for the exhaust air stream of both PM2 and PM3. Some
plant operational data for the existing heat recovery systems are displayed in
Table 4.6, where it can be seen that a total amount of thermal energy corresponding to 34.4 MW is currently extracted from the exhaust wet air streams.
Table 4.6

Data for the existing recovery system.

Paper
machine
PM1

Exhaust air
before recovery
T = 75 °C
9 = 0.42
T = 75 °C
(p = 0.42
T = 76 °C
(p = 0.44
T = 81 °C
<p = 0.38

PM2
PM3
PM4

Exhaust air
after recovery
T = 40 °C
cp= 1.0
T = 54 °C
<p=1.0
T = 54 °C
9=1.0
T = 53 °C
(p=1.0

Recovered
Heat
15.0 MW
4.0 MW
6.6 MW
8.8 MW

4.2.2 Heat sink alternatives and boundary conditions
Because of the falling saturation temperature when the water is condensed from
the exhaust wet air, the temperature of the recovered heat is directly related to
the amount of heat that will be extracted from the exhaust wet air leaving the
dryer, and consequently related to the possible heat sink capacity. Possible heat
sinks for the heat delivered from the heat pump will depend on the temperature
lift that can be achieved.
There is a mixing-pit before each PM, where the pulp is prepared and mixed with
water. In these mixing-pits the suspension would be at 1 weight % and 58 °C,
due to quality requirements. A purge stream is currently withdrawn from PM1,
PM3 and PM4 and heated with live steam to 75-80 "C before being recycled back
to the mixing-pit. These three mixing-pits have a total heat demand of approximately 12 MW. A similar arrangement is planned for the mixing pit of PM2
which would require an additional 3 MW of thermal power.
The paper mill delivers 10-13 MW to the district heating sy3tem. The incoming
district heating water is heated up from about 55 °C to about 75 °C using waste
heat from the mill, and occasionally, due to an insufficient amount of waste heat,
the peak demand has to be covered by live steam.
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During winter time there is a demand for hot water in order to melt frozen wood
logs and water is therefore processed to 40 °C, using different condensate
streams, and sprayed directly over the wood logs. About 2-5 MW of thermal
power is needed to meet this demand which periodically has also to be covered by
using live steam.
Three different heat sink alternatives, which were investigated, are summarized
in Table 4.7.
Table 4.7

Heat sink alternatives.

Heat Sink
Mixing-Pits
District Heating
Wood log store

Temp, °C Mean demand, MW Max demand, MW
75
15
30
75
10
13
40
2
5

The approximate temperature boundaries for different heat sources and heat
sinks can easily be extracted from Tables 4.6 and 4.7 and are summarized in
Table 4.8 below.
Table 4.8

Temperature boundaries for

Primary heat
Waste heat
Heat sink
Cooling water

= 139 °C
= 54 °C
= 75 °C
< 20 °C*

• Summer

4.2.3 Results
The temperature and humidity of the exhaust wet air are almost the same for
PM2, PM3 and PM4 after the last recovery step, so the three streams can be
mixed together and used in the same heat pump. Figure 4.10 illustrates a schematic flow diagram for the incorporated heat pump system imposed on the
existing heat recovery system. The dotted line represents live steam to an AHP
system. PM1 has a relatively low temperature of the exhaust wet air, due to an
effective heat recovery system which is already in operation, so this stream is
neglected in further calculations. Figure 4.11 shows the recovered thermal power
from the common exhaust wet air stream versus different condensing temperatures. The size of the HP was selected on the assumption that the delivered
power would be enough for three mixing-pits at average demand and one at
maximum demand while the district heating and the log store were assumed at
average demand. A total heat demand of approximately 30 MW would accordingly be required.
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Steam
Liquid
Log store
District heating
system
Mixing-pit 1
Mixing-pit 2

Figure 4.10 Schematic flow diagram of the incorporated heat pump
system after existing heat recovery system.

35.0T

42.0

44.0

46.0

48.0

50.0

52.0

Condensing temperature, °C
Figure 4.11 Recovered thermal power for different condensing
temperatures of the exhaust wet air.
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54.0

4.2.3.1 The mechanical heat pump system
The function and construction of mechanical compressor-driven heat pumps
(MHPs) are very much dependent on the physical properties of the refrigerant
used in the cycle. CFC 12 is the most frequently used refrigerant but due to
stricter environmental legislation, this refrigerant will be prohibited in new
installations as from January 1st 1995. Consequently, it has currently been substituted by HFC 134a, which does not have any known environmental impact on
the ozone layer and the contribution to the green house effect is calculated to be
just 1/5 of CFC 1261'62. HFC 134a is now used as standard refrigerant for air conditioning in cars. The first three industrial plants using HFC 134a in Sweden
have been put into operation during 1992. The first installation comprises a
screw-compressor in the district heating system in Lomma. A retrofitting has
been completed for one of the turbo-compressor units involved in the municipal
waste water plant in Stockholm. The third system comprising a turbo-compressor
unit has been installed in a Swedish yeast plant in Sollentuna, and is delivering
heat to the district heating system of the city.
Another common refrigerant is ammonia which is frequently used in larger refrigeration plants. The high operation pressure for ammonia corresponding to a
temperature of 40 °C in the evaporator and 85 °C in the condenser would be 15.5
bar and 45.0 bar, respectively. These high pressure levels are not desirable for
such an application. As a comparison, HFC 134a would operate at a pressure of
10.2 bar and a temperature of 40 °C in the evaporator while the corresponding
values in the condenser would be 29.2 bar and 85 °C, respectively.
Water as refrigerant would in this case operate under sub-atmospheric pressures
but the high specific volumes of steam in the corresponding temperature range
would require large and expensive compressors.
Design calculations for a MHP were done in cooperation with a Swedish consultant company63. A turbo-compressor working with HFC 134a was chosen due to
the large amount of heat required. The operational and design results of this
heat pump configuration are summarized in Table 4.9.
Table 4.9

Operation and design data for the compressor heat pump.

Variable
(MW)
Effect
Flow rate (kg/s)
Temperature (°C)
(°C)
LMTD
Pressure
(kPa)
UA
( kW/°C)
a Dry air

Evaporator
25.0
207 a
44.9
6.6
1017
3800

b Steam
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Condenser
30.0
13.0 b
80
8.6
2920
3500

Compressor
5
-

The compressor is operating between 1017 kPa and 2920 kPa. The exhaust wet
air is chilled from 53.5 to 44.9 °C. Because the evaporator is a gas - liquid heat
exchanger the overall heat transfer coefficient U of this component is rather low.

4.2.3.2 The absorption heat pump system
With the restrictions in temperatures given in Table 4.8, simulations were performed for three different working pairs, H2O - NaOH, H2O - LdBr and CH3OH LiBr. To find the best working pair for this application, the results should be
analysed from a thermodynamic point of view. The simulation results revealed
that the most common working pair for an AHP, H2O - LiBr, seems not to be the
best. The COPh is the most frequently used efficiency when comparing heat
pumps. It has however been shown in Chapter 3 that the COPh alone is not the
correct measure to describe the best cycle application. Instead the exergy index
I ex h , as defined in Section 3.2.3, should be used. Table 4.10 shows the simulation
results for an AHP cycle operating with condensing temperatures down to 50 °C
in the evaporator. The different UA-values for each module in the cycle are the
same for all three simulations.
Table 4.10 Simulation results for different working pairs.
Working Pair

Tcond

(°C)
H2O - NaOH
H2O - LiBr
CH3OH - LiBr

80

80
80

T.b.
(°C)
80
76
80

QG

QA+QC

COPh

W

(MW)
16.7
14.9
18.1

(MW)
28.6
26.8
30.0

1.71
1.80
1.66

1.64
1.56
1.47

' T o = 326.7 K , (53.5 °C)

From Table 4.10 it can be seen that the working pair H2O - LiBr has the highest
COPh-value but not the highest I ex h - value. The difference can be explained by
the fact that the cycle operating with H2O - LiBr produces more heat per consumed prime heat than the other cycles, therefore a better COPh, but the cycle
has to suffer a larger irreversible step by producing steam at 76 °C in the absorber, instead of 80 °C, consequently a lower I ex h - value. The simulation results of
the cycle operating with H2O - NaOH are summarized in Table 4.11.

4.2.3.3 The absorption heat transformer system
Because of the very low temperature of the waste heat streams and the restricted
temperature of the cooling water, it is not possible to reach the desirable temperature of 80 °C in one step. With a double-lift AHT, operating with the working
pair CH3OH - LiBr, a temperature lift of 30 °C can be achieved. But with a COPt
- value as low as 0.3 for the double-lift cycle, the useful heat output will only be
3.7 MW.
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Table 4.11 Design data for the absorption heat pump system with the
working pair HZO - NaOH.
Variable
(kW)
Effect
(kg/s)
Flow rate
Temperature (°C)
LMTD
(°C)
(kPa)
Pressure
Cone.
(wt% H2O)
(kW/°C)
UA
a

Rel. dry air

Evaporator Generator Absorber Condenser H.Ex.
11.9
16.7
15.8
12.8
b
a
b
5.5
b
6.8
207
7.8
80
50
139
80
7.2
5.0
6.6
8.8
6.9
58.0
9.6
58.0
9.6
100
47.0
50.6
100
2560
1800
1890
1590
2190
b

Steam

4.2.4 Economic evaluation
Based on information obtained from a Swedish consultant69 the installed equipment cost for the compressor heat pump was assumed to be 440 $/kW of delivered
heat, consequently the total installed cost of the MHP system would be approximately M$ 13.2. The annual operation time was taken as 8000 hrs for this particular plant. With a steam cost of 0.022 $/kWh and an electricity cost of 0.032
$/kWh, the corresponding annual saving of steam (3.5 bar) would be 5.3 M$ and
the electricity cost would be M$ 1.3. The pay-off period for the MHP would then
be 3.3 years. The pay-off period depends mainly on the electricity and the local
steam costs.
The installed equipment cost for the AHP system is based on two derived cost
functions44»60, presented in Appendix 2, together with information obtained from
a major manufacturer64 the installed equipment cost was assumed to be 200
$/kW of delivered heat. The annual operation time and steam cost are the same
as above. Consequently, the total installed cost of the AHP system and the corresponding annual saving of steam (3.5 bar) would be approximately M$ 5.7 and
M$ 2.0, respectively. The pay-off period for the AHP would then be 2.9 years. The
pay-off period of this type of in\ estment depends mainly on the local steam cost.
In this economic evaluation, the decrease of steam requirement and the consequent decrease in electricity production have not been taken into consideration.
The installation of an AHP will have less influence on the electricity production
than the corresponding MHP installation.
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4.3 Absorption heat transformer systems for
energy conservation in the oleochemical
industry
Oleochemical products constitute a significant part of the chemical industry and
the advanced industrial economy. They may be classified as fatty acids, fatty
alcohols, fatty acid methyl esters, fatty amines and glycerine. The end-use
markets of these products are extensive either for their direct uses or for the
intermediate uses of their numerous derivatives. The raw materials for most
natural oleochemicals are animal fats, such as inedible tallow and grease, and
vegetable oils, such as palm oil, palm kernel oil, coconut oil, soybean oil, sunflower oil, rapeseed oil, and others. The third major source is crude tall oil which
is a by-product of the kraft pulping process.
World production of fats and oils in 1990 has been estimated to 80.6 Mton, and is
projected to reach 105 Mton by the year 200065. Palm oil and palm kernel oil are
steadily displacing tallow and coconut oil, respectively, owing to the rapid increase of mature oil palm areas. According to the same .source, world production
of natural fatty acids in 1988 was 2.23 Mton and is projected to increase at an
average annual rate of 2.1 % to reach 2.86 Mton by the year 2000. These figures
do not include synthetic fatty acids, originating from petrochemical feedstocks, or
tall oil fatty acids.

4.3.1 Processing of industrial fatty acids
The initial process for obtaining fatty acids from fats and oils is hydrolysis,
where the triglycerides are split, by means of water, into diluted glycerine solution and mixed fatty acids. This mixture is purified by hydrogenation and
distillation, or via separation into individual fatty acids of different chain lengths
by fractional distillation. Figure 4.12 shows a simplified flow sheet of a fat hydrolysis process. The pre-treated fats are first pre-heated and then fed at the bottom
of the hydrolysis tower. The hydrolysis reaction is usually carried out continuously using deionized and deaerated water at a temperature of 250 - 255 °C and
a pressure of 50 - 55 bar. The high temperature and pressure employed assure a
higher water solubility in the fat phase, but the use of high pressure is primarily
to keep water in the liquid phase at temperatures above its boiling point. Injection of direct high-pressure steam in the hydrolysis tower is frequently practised
to retain the reaction temperature and increase the agitation intensity of the
reacting phases. The hydrolysis reaction yields a diluted aqueous glycerine solution and a mixture of different fatty acids. These pressurized streams are fed to
separate flash vessels, kept at atmospheric pressure, to reduce their pressure
and temperature. Saturated water vapour leaving the flash vessels at 100 °C is
condensed in a dump condenser where the temperature of process cooling water
is increased by 5 °C.
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Figure 4.12 Flow sheet of a continuous fat hydrolysis process.

4.3.2 Results and discussion
A comprehensive energy mapping of an industrial fatty acid production plant
was performed in co-operation with a major Swedish oleochemical manufacturer.
The results concerning the fat splitter, with a capacity of 3400 kg/h, are summarized in Table 4.12.
Table 4.12 Energy mapping of the fat hydrolysis unit.
Stream
Raw fat
Hydrolysis water
High-pressure steam
Low-pressure steam
Cooling water
Electricity
Raw fatty acids (1 bar)
Diluted glycerol (1 bar)
Condensate (1 bar)
Low-pressure condensate
Cooling water
Thermal losses

Flow rate
(kg/h)
3373
2361
809
130
34000
3237
2872
434
130
34000
-

Energy
(kW)
151
276
625
97
2170
53
186
322
40
17
2367
438

As can be observed, the total energy input and output for this hydrolysis process
is 3.37 and 2.93 MW, respectively. Thus, the energy losses were estimated to be
13% corresponding to about 440 kW. The energy mapping revealed that a total of
500 kg/h of saturated water vapour is produced at 100 °C from four flash vessels
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used to depressurize condensate streams emerging from different processing
units in the plant. It should be mentioned that the flow rate of steam withdrawn
from both flash vessels in the fat splitting unit is 434 kg/h as indicated in Table
4.12. The balance, 66 kg/h, represents steam withdrawn from two other flash
vessels used to depressurize different condensate streams coining from the fatty
acid distillation, glycerol evaporation, and glycerol distillation units. This vapour
has a heat content of 314 kW and is currently condensed in a dump condenser
and discharged.
Incorporating an AHT system, as shown in Figure 4.13, using I^O-NaOII as the
working pair, would enable the recovery of almost half this energy and a temperature lift of 34 °C could be achieved. The AHT in this case is supplied by a total
of 314 kW of waste heat corresponding to 500 kg/h of saturated water vapour at a
temperature of 100 CC. The heat energy delivered by the transformer system is
153 kW corresponding to a flow rate of 255 kg/h of saturated steam at a temperature of 134 °C. This steam, at a pressure of 3 bar, can be utilized in different
locations in the fatty acid plant such as evaporation of crude glycerol, distillation
of crude fatty acid mixtures or pre-heating of the triglycerides before entering the
hydrolysis tower.
The amount of heat transferred as well as the flow rate, temperature and concentration of the different streams are given in Table 4.13, together with design data
for the different components of the AHT system.

4.3.3 Economic evaluation
Using the pay-off analysis, an economic evaluation was performed to determine
the economic feasibility of incorporating AHT systems in this type of chemical
plants. The AHT system in this case is a small unit compared to existing reference plants and derived cost functions. The installed equipment cost was therefore assumed to be 550 $/kW of delivered heat. The annual operation time and
steam cost (3.0 bar) of this particular plant were taken as 7,200 hrs and 0.051
$/kWh (30.8 $/ton), respectively. Consequently, the total installed cost of the
AHT system and the corresponding annual saving of steam would be approximately $84,150 and $56,500, respectively. The pay-off period for this AHT system
would then be 1.5 years.
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Figure 4.13 The absorption heat transformer incorporated in the fat
hydrolysis process.

Table 4.13 Basic design data for the fat hydrolysis absorption heat
transformer system.
Variable
(kW)
Effect
(kg/h)
Flow rate
Temperature (°C)
(°C)
LMTD
Pressure
(kPa)
Cone.
(wt% H2O)
UA
(kW/°C)
a

Steam

Evaporator Generator Absorber Condenser H.Ex.
161
153
161
153
a
b
a
256
253»
27,780
244
100
100
50
134
3.0
6.7
4.9
5.7
6.5
90.9
14.7
90.9
14.7
100
100
50.1
53.4
53.6
22.7
28.2
31.2
16.5

b Cooling water

5

Experimental work

In 1922 the two Swedish students Carl Munters and Baltzar von Platen designed
an absorption refrigerator working with self-circulation". The refrigerator was
operating with NH3 - H2O as working pair. The total pressure was equal
throughout the apparatus, but the partial pressure difference between the generator/condenser and evaporator/absorber was maintained with an inert gas, such
as H2, to achieve a lower pressure over the ammonia and the water in the absorber and the evaporator. The refrigerator had no pumps, so circulation was maintained by the density difference between the strong and weak solutions and utilization of the thermosyphon effect in the generator.
In 1986 an AHT was built at the Dept. of Chem. Eng. I based on self-circulation
and operating with r^O-NaOH as working pair87. This AHT works with heat input to the evaporator and the generator and with no electricity input at all. The
pressure difference between the components is achieved by the difference in
hydrostatic pressures. The reason to construct an AHT with self-circulation can
be explained by considering an AHT operating as shown in Table 5.1.
Table 5.1

Simulated data for an absorption heat transformer
(WP.Htfi-NaOH).

External
heat/cool
temp
(°C)
Evaporator:
Absorber:
Generator:
Condenser:
Heat Ex:

90
130
90
36

Internal
outgoing
temp
<°C)

88
135
85
38

Internal
pressure
(kPa)
64.9
64.9

6.5
6.5
64.9

UA-

Temp
value difference
(kW/°C)
(°C)

500
192
192

500
110

2.0
5.0
5.0
2.0

Cone, of
outgoing
solution
%-H2O
100.0
48.6
44.9
100.0

7.0*

'LMTD
In an AHT the largest stream is the strong solution from the absorber to the
generator. This stream is also warmer than the weak solution stream from the
generator. The temperature of the strong solution leaving the absorber is at 135
°C and is saturated. After passing the heat exchanger the temperature of the
strong solution is at 94 °C and it becomes subcooled. The saturation temperature
for the strong solution is 80 °C at 6.5 kPa, so the strong solution will expand
through the valve and a two-phase flow will be formed with about 1.5 % of steam,
if the pressure is assumed to be 6.5 kPa directly after the valve. Even if an infinite solution heat exchanger is assumed, the strong solution can never be cooled
to the same temperature as the weak solution leaving the generator. So the
strong solution will always flash after the valve in an AHT cycle.
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Table 52

Simulated data for an absorption heat pump
(WP: HjONaOH).

External
heat/cool
temp
(°C)
Evaporator:
Absorber:
Generator:
Condenser:
Heat Ex:
*LMTD

55
90
149
90

Internal
outgoing
temp
(°C)
53
95
144
92

Internal
pressure
(kPa)
14.3
14.3
77.0
77.0
77.0

Cone, of
Temp
UAoutgoing
value difference solution
%-H2O
(kW/^C)
(°C)
500
266
282
538
124

2.0
5.0
5.0
2.0
6.9*

100.0
49.5
45.9
100.0

On the other hand, consider an AHP operating at the temperature and pressure
levels shown in Table 5.2. In the AHP the largest stream is the strong solution
from the absorber to the generator. But the weak solution stream is warmer than
the strong solution stream in this type of cycle. The temperature of the weak
solution leaving the generator is at 144 °C and is saturated. After passing the
heat exchanger the temperature of the weak solution is at 100 °C and is unsaturated. The saturation temperature of the weak solution is 101 °C at 14.3 kPa, so
the weak solution will not flash after the valve. To ensure that the weak solution
will always flash after the valve in this type of cycle, a much smaller solution
heat exchanger has to be incorporated. But this results in a lower COPh.

5.1 Experimental absorption heat transformer
operating with self-circulation
Several improvements in the AHT design have been made since the first prototype*7 in order to obtain stable circulation of the liquid streams and to stabilize
the pressure in the evaporator and the absorber. The most important modifications of the AHT were the reconstruction of the absorber, part of the generator,
and the solution heat exchanger and the incorporation of control devices. The
concept of stabilizing the self-circulation has been the primary objective in this
design rather than the optimization of the efficiency of heating and cooling areas.

5.1.1 Design aspects of the pilot-plant absorption heat
transformer
The total pressure between the components varies in the AHT. The pressure
difference is achieved by the difference in hydrostatic pressures. The generator
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and the condenser are located at a higher level than the evaporator and absorber.
The distance between the condenser and evaporator is determined by the desired
pressure difference and the choice of the working pair used in the AHT, as is the
distance between the generator and the absorber. The pilot plant is constructed
to maintain a pressure difference of approximately 1 bar with the working pair
H20-Na0H. Other solutions which have a density close to that of H 2 0-NaOH,
i.e. approximately 1.4 times the density of water, for example, H2O-KOH, could
also be used in the same unit. A pressure difference of 1 bar leads to a fairly tall
AHT, which is 14 meters between the lowest and the highest point. The evaporator and absorber are located at 10 m and 7 m below the condenser and generator, respectively. The heat exchanger is located under the absorber in order to
avoid flashing before heat exchanging weak and strong solutions. Figure 5.1
shows the AHT and the component orientation at the different floors in the pit of
the equipment hall.
The components included in the laboratory unit of the AHT are made fairly simple. To avoid corrosion problems, most of the parts are built of Sanicro 28, a
nickel and chrome metal alloy, but also constructions of stainless steel exist.
There are no moving parts inside the AHT, which also minimizes the risk of
corrosion problems.
The evaporator is a jacketed vessel with a total heat transfer area of 0.65 m 2 .
Steam is used as heating medium in the jacket. The refrigerant condensate from
the condenser enters at the bottom, is evaporated and leaves at the top. A U-tube
is connected to the bottom and the top of the evaporator together with a conductive measuring rod so the volume in the evaporator is continuously registered on
a printer during operation. The volume of water on the inside of the evaporator is
normally 2/3 full during operation. Variations in the concentration of the
working solution can indirectly be read out from the printed graph when the
volume of working medium in the evaporator is changing. In this type of construction the heat transfer area is related to the volume of working medium in
the evaporator.
The absorber is designed as a falling-film absorber. It is a jacketed vessel with a
total heat transfer area of 1.18 m2. The film flows down the inside wall of the
absorber and the cooling medium flows upward in the jacket. Vapour from the
evaporator enters the absorber at the top and fills it totally with vapour. The
weak solution is spread out on the absorber wall at the top, and the vapour condenses into the falling-film and the stroi.g solution leaves the absorber at the
bottom. The volume of strong solution in the bottom of the absorber can be
viewed in a glass-tube. From the lower part of the absorber a vent pipe is
connected from the inner part of the absorber to the thermosyphon pipe above
the throttling valve. Deaerating the absorber will contribute to an additional
pumping effect in the thermosyphon pipe. The cooling system can either be
arranged so the absorber is chilled by a glycol stream or by saturated water in
order to produce high pressure steam.
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Figure 5.1

The pilot-plant absorption heat tranaformer working
with self-circulation.

• 94

Part of the generator is constructed as a climbing-film generator with the other
part as a jacketed vessel at the top. The total area is 0.84 m 2 , where the climbing-film area is 0.39 m 2 and the constant volume part has an area of 0.45 m2.
The climbing-film generator is a one-tube heat exchanger constructed of a 21 mm
tube. The same steam is used as heating medium in both sections of the generator. The strong solution enters the inside tube at the bottom of the climbingfilm section, and the tube ends above the surface of the weak solution in the
jacketed vessel. The weak solution leaves the generator from the bottom of the
jacketed vessel via a U-tube down to the solution- heat exchanger and the absorber. The vapour produced in the generator leaves from the top to a cyclone which
is located after the generator in order to separate entrained drops of working
solution. The top of the generator consists of two jacketed vessels. The lower one,
mentioned above, is for heating. The one on the top is an extra condenser
(previously the old condenser) that may be used to avoid the weak solution to be
too weak. If two volatile media are used, it may be used as a rectifier.
The condenser is a vessel which contains a 10 mm copper-spiral with an area of
0.63 m2. Water is used as cooling medium in countercurrent mode. The vapour
from the generator-separator enters at the top and the condensate leaves at the
bottom. At the top of the condenser a pipe is connected to a vacuum pump to
secure the removal of all air before the start-up procedure and removal of air and
non-condensables during the operation.
The solution heat exchanger is a plate heat exchanger (Alfa-Laval Type P01-VB).
The 1 eat exchanger consists of 26 plates in Incoloy 825. The total heat transfer
area is 0.77 m2. Strong and weak solutions are split in two streams which flow in
countercurrent mode through the solution heat exchanger five times each. Before
installation in the AHT the plate heat exchanger was first tested against design
data in a separate pump-rig, where it was revealed that the plate heat exchanger
was close to design data60.

5.1.2 Pressure profiles
A vital detail in the design of the AHT with self-circulation is the importance of
taking the pressure dependence into consideration. The total flow is very much
dependent of the absolute pressure in the evaporator and the condenser, where
the highest and the lowest pressure prevail, respectively. To make a qualitative
analysis of the flow in the AHT with self-circulation, three equations can be
stated. Equation (5.1) gives the requirement for the dtrong solution to flow upward from the absorber to the generator. Equation (5.2) gives the corresponding
requirement for the weak solution to flow downward from the generator to the
absorber, and finally Eq. (5.3) gives the requirement for the condensate to flow
downward from the condenser to the evaporator.
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^

eondenier

where

P

+

< P~.por.to, - AP^.

(5.1)

- AP™ > P ^ , , - AP£.

(5.2)

^gravity ~ ^ l o » > Pev.por.tor

= absolute pressure

APgnvity = gravitational pressure difference between different
components
AP|OM

=

flow-induced pressure drop between different components

The pressure in the condenser, Pcn^enier .depends on the temperature and flow
rate of the cooling medium to the condenser and the heating medium to the generator. Similarly, the pressure in the evaporator, Pev«por«u>r * depends on the temperature and flow rate of the heating medium to the evaporator and the cooling
medium to the absorber.
The gravitational pressure differences were assigned separate terms in the above
equations due to their influential importance in the total cycle. The flow-induced
pressure drops can be divided into pressure drops due to friction, APf and
pressure drops due to acceleration, APacc. The term AP)OM can thus be written as:
APl01. = APf+APBCC

(5.4)

At steady-state operation conditions, the AP^J,, A P ^ , APJ^, and A P ^ can be
presumed to be only a function of the pressure loss due to friction. In the term
A P ^ the pressure drop in the solution heat exchanger is the most dominating
pressure loss. The only term where the pressure loss due to acceleration is
important is the A P ^ term. Even here the pressure drop in the solution heat
exchanger is an important factor.
As the heights of the liquid streams in the different pipes are a direct result of
the pressure differs -e between evaporator and condenser, they are balanced due
to the density of each stream and the gravity according to:
Ah = ******
Pg

(5.5)

When calculating the hydrostatic pressure of the strong solution after the throttling valve, the distribution of the different densities for the liquid phase and the
vapour phase has to be calculated. The definition of the two-phase density can be
written as a function of the volumetric void69'70, Rv:
v )pl

(5.6)
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where Äv=-r-p

for a small height segment.

There are different empirical correlations for calculating the volumetric void. The
most well-known is the Lockhart-Martinelli correlation70.
When the strong solution leaves the absorber it first passes through the solution
heat exchanger where it is subcooled. In an AHT with self-circulation the design
of the solution heat exchanger is an important part of the total design. To achieve
high COPts, the heat transfer in the solution heat exchanger has to be as effective as possible. But to achieve stable operation of the self-circulation, the
pressure drop in the solution heat exchanger has to be as low ac possible. The
quality and velocity of the flow of strong solution after the throttling valve depends on the temperature and concentration of the strong solution after the solution heat exchanger and the pressure drop over the throttling valve. The higher
the temperature the more vapour will be produced and the more effective the
thermosyphon effect will be. The thennosyphon effect is supposed to occur directly after the throttling valve and to avoid expansion before the throttling valve,
the orifice of the throttling valve has to be as small as possible. When a climbingfilm generator is used, the upward flow will be even more effective if the heat
flux to the generator is maximized. The throttling valve is located right after the
solution heat exchanger, and the pipe after the throttling valve is extended
straight up into the generator.

5.1.3 Control system
A very simple control system has been implemented with satisfactory results.
Two Pi-regulators are used to control the pressure of the steam to the evaporator
and the generator. The steam pipes are arranged so that it is possible to regulate
the steam supply to both modules with only one Pi-regulator. It is also possible to
disconnect the evaporator and introduce the steam directly into the absorber instead. During this operation the condensate from the condenser flows via a condensate drum to waste.
When glycol is used as the cooling medium in the absorber, a pump is used to circulate the glycol between a storage tank and the absorber. The absorber is chilled
in a countercurrent mode, with the inlet of the glycol located at the bottom of the
absorber. The inlet temperature of the glycol is cop trolled by a thermostat,
which controls the flow of cooling water through a spiral tube inside the glycol
storage tank. When water is used as the cooling medium, the heat produced in
the absorber will produce high pressure steam. An external self-circulation system of the water, ensures that the water at the inlet is always saturated. The
pressure of the steam is controlled using an external dump condenser.
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The flow of cooling water to the condenser is controlled by a thermo-stat working
according to the principle of closed liquid-expansion. An increase of the saturation temperature of the vapour flowing from the generator expands the liquid to
open the regulation valve for cooling water, and the reversed action will occur for
a decrease of the saturation temperature to ensure that the correct condenser
pressure is maintained.
The internal flow of weak solution into the absorber is controlled by a regulation
valve located just before the inlet to the absorber. Under a given set of operating
conditions the circulation ratio can be changed either by changing the temperature of heating medium to generator or evaporator, or by changing the cooling
effect of condenser or absorber.

5.1.4 Experimental results
After the improvements resulting in the apparatus described above, satisfactory
results were obtained with regard to stable circulation flows and constant pressure in the different parts of the AHT. The working pair used was H^O-NaOH.
In the first prototype67 the absorber was built as a constant volume bubble absorber, the generator was a non-constant volume boiling generator, and the solution
heat exchanger was a vertical one-tube heat exchanger placed after the throttling
valve. The efficiency of the solution heat exchanger was extremely low. The old
absorber was a jacketed vessel with a vapour-tube reaching almost down to the
bottom of the absorber. The weak solution entered at the bottom and the strong
solution left at the top. The problem with the bubble absorber was the pulsating
flow and the creation of extreme vibration of the total pilot plant, when vapour
was absorbed in the weak solution. Because of the inefficient solution heat
exchanger, ''.c w jak solution entering the absorber was too much subcooled. The
outlet area of tht vapour-tube was too large, so the created bubbles were too big
and the implosion of these bubbles, when absorbed, caused the vibration of the
total pilot plant. Because of the intermittent absorption of vapour, the pressure
in the evaporator and absorber was instantaneous. As shown earlier, the flow of
strong solution to the generator is dependent of the pressure difference between
the absorber and the generator, so if the pressure is instantaneous the flow will
be very pulsating. The flow of weak solution from generator to absorber will also
be pulsating. When the pressure decreases, due to sudden absorption of vapour,
the flow of weak solution will increase and cause further cooling of the absorber
and the pressure will decrease even more. The pressure becomes too low for the
strong solution to flow to the generator so the circulation will eventually stop.
However, the circulation starts when the pressure is built up again. There are
three simple equipment modifications which can be undertaken to avoid these
fluctuations, with the same type of construction. The evaporator has to be larger
so the fluctuation in pressure can be eliminated without imposing any limitations on vapour flow, or the constant volume of weak solution inside the absorber
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has to be increased to limit the temperature dependence of the incoming weak
solution, or a control device has to be incorporated to regulate the incoming flow
of weak solution.
In the present design, most of the old operation problems were solved when the
generator was reconstructed. The bulk volume of weak solution is kept constant
in the generator, so the extreme downward flow of subcooled weak solution into
the absorber is minimized. This flow is now also controlled by an inserted regulation valve, and as a direct result the outgoing flow from the absorber is also
stabilized.
Measurements of operating parameters have been performed throughout the
work. A set of measured temperature profiles from a typical test run are shown
in Figure 5.2.
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Figure 5.2

t
Sample 2

Temperature profiles in the pilot-plant absorption heat
transformer.

It can be seen that the AHT is operating using vapour at approximately 98 °C in
the generator, and the absorber is chilled with glycol at an incoming temperature
of 115 °C and an outgoing temperature of 120 "C. The temperature of the vapour
to the evaporator was 105 °C. The condenser pressure, about 10 kPa, was read off
on a pressure-gauge at the condenser during the operation. Since the heating
and cooling areas were not optimized, the internal temperatures are the ones
that should be taken into consideration. It can thus be observed that the temperature of the weak solution in the generator is 88 °C, and the temperature of the
outgoing vapour from the evaporator and the outgoing strong solution from the
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absorber are 98 and 127 °C, respectively. Consequently, a temperature lift of
approximately 30 °C can be achieved. Since the pilot plant is a small unit, and
not completely insulated, the COPt is difficult to calculate. The heat losses have
been estimated to about 50 % of the heat input71 which result in very low COPt
values of the total cycle. This is clearly indicated in Figure 5.2 by the temperature difference between the weak solution leaving the generator and the weak
solution entering the solution heat exchanger. The temperature difference is
about 11 °C. The decreasing temperature of the outgoing condensate (40 - 27 °C )
corresponds to a vapour saturation pressure of 7.5 - 3.5 kPa. But the total pressure was kept constant at about 10 kPa by regulating the cooling water stream.
The measured concentrations of strong and weak solutions are shown in Table
5.3 at the different sample times marked in Figure 5.2. The concentrations are
analyzed by standard acid titrations.
Table 5.3

Samples of solution concentrations at two different times.

Stream
Strong soln. (wt% H2O)
Weak soln. (wt% H2O)
Circulation ratio

Sample 1
58.0
54.1
11.8

Sample 2
57.8
54.1
12.4

5.1.5 Simulation results
How the pilot-plant AHT would operate without any heat or pressure losses can
be revealed by a simulation of the cycle. The input data used for this simulation
are displayed in Table 5.4.
Table 5.4

Input data for the absorption heat transformer pilot-plant
simulation.

Variable
U-value (kW/m2oC)
Area
(m2)
Heat/Cool temp. (°C)
aT min
(°O
Int. pressure (kPa)
Circulation ratio (-)
a

Steam

b

Evaporator Generator Absorber
1.5
0.40
1.18
0.84
a
a
105
98
115 b
15.0
7.0
10.0
12.0

Condenser H. Ex.
0.77
0.63
15 b
5.0
7.0
14.0
-

Cooling water

Using saturated steam at 105 °C and 98 °C to the evaporator and the generator,
respectively, together with the same temperature differences as measured in the
experimental work, the simulation results are close to the experimental results,
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as can be seen in Table 5.5. The U-value of the evaporator was assumed to be 1.5
kW/m2°C and the evaporator area was fixed to 2/3 of the total available area.
Table 5.5

Output data for the absorption heat transformer pilotplant simulation.

Variable
Effect
(kW)
U-value (kW/m2oC)
LMTD
(°C)
Int. pressure (kPa)
Cone.
(wt% H 2 0)
Soln. temp, out (°C)
Soln. flow out (kg/s)

Evaporator Generator Absorber
4.2
3.8
3.8
1.5
0.21
0.38
15.3
7.0
12.0
94.3
14.0
94.3
54.1
58.0
100
98
88
131
0.0017
0.018
0.020

Condenser H.Ex.
4.2
2.2
0.41
0.33
8.8
16.2
14.0
100
53
99/124
0.0017

It may be observed that the absorber has a slightly higher temperature of the
outgoing solution than measured in the experimental work. This can partly be
explained by the fact that the measured heat loss of about 11 °C of the weak
solution from the generator has not been taken into consideration in the simulation. Consequently, the temperatures of bo*h solution streams leaving the solution heat exchanger are also slightly higher. The pressure in the condenser was
increased in the simulation to 14 kPa to obtain the right concentrations similar
to the measured values. The lower pressure in the experimental work can be
explained by the pressure loss between the generator and the condenser.

5.2 Reference absorption heat transformer
incorporated with an evaporation plant
The simulation study, described in Section 4.1, revealed that an AHT installed
on-line with one of the evaporation plants would reduce the amount of live steam
consumption by 18.5 %, corresponding to 3.09 MW. As a direct response of this
result an AHT has been built and incorporated with one of the evaporation
plants at the STORA Papyrus Nymölla AB's pulp and paper mill in Nymolla. To
avoid any operational disturbances to the evaporation plant itself, the size of the
AHT was limited to approximately 200 kW of heat input corresponding to
approximately 100 kW of heat output.

5.2.1 The sulphite-liquor evaporation plant
The sulphite-liquor evaporation plant, described in Section 4.1 as evaporation
Line 2, consists of totally seven evaporators. The most common mode of operation
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of Line 2 is six effects in series in the order 4 - 5 - 6 - 3 - 2 - 1A or IB as shown in
Figure 5.3. There are two different supply connections available for the installed
AHT; vapour leaving effect 3 and vapour leaving effect 4, as indicated in Figure
5.3. The AHT would produce ste. m compatible with that leaving effect 1.
Liquor stream»
Vapour stream*

Thick liquor
58wt%

Figure 5.3

Pre-evaporated
thin liquor
20wt%

Schematic flow sheet showing the absorption heat
transformer incorporated in evaporation Line 2.

The normal temperature distribution is about 90 °C for the vapour leaving effect
3 and about 115 to 120 °C for the vapour leaving effect 1A or IB. Assuming a
total temperature difference of 5 °C over the generator and the evaporator in the
AHT, the internal temperature lift would be 35 °C.
As a direct result of the washing scheme of the thick liquor effect (1A or IB), the
operating procedure of shifting the outgoing liquor stream from effect 2 to either
effect 1A or IB is executed approximately every 12 hour. As a response to this
shifting procedure the boiling temperatures increase throughout the evaporation
plant. For instance, the boiling temperature of effect 1 increases about 15 °C.
This increase results in an increase in the boiling temperature of effect 3 to about
100 °C. A typical temperature distribution is shown in Figure 5.4 as function of
time where the liquor shifting procedure is done from 1A to IB at time 0.
The temperature distribution indicates the boiling temperatures in each effect.
Because of boiling temperature elevations and pressure drops, the temperatures
of the corresponding vapour streams are about 1 - 5 °C lower. After approximately 1.5 - 2 hours the temperature distribution attains the steady-state normal
profile.
Periodically, when there is shortage of thick liquor, all seven evaporators are
operated with evaporators 1A and IB connected in parallel mode. During this
operation sequence, the temperature distribution is similar to the high temperature distribution shown in Figure 5.4. Furthermore, an additional change in the
normal operation conditions is scheduled for some hours once a month when
effect 3 is disconnected for cleaning purposes. The operation time is about 8000
hours per year irrespective of unexpected operation stops.
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Temperature distribution in evaporation Line 2 during
liquor shifting procedure.

An important element in this study is how the AHT will respond to the above
operational fluctuations in the temperature profile of the evaporation plant. The
total temperature lift for the AHT is about the same irrespective of these
unavoidable changes in the operation behaviour of the evaporation plant.

5.2.2 Design aspects of the reference absorption heat
transformer plant
The reference AHT was built based on both the experience gained from the pilotplant AHT, described above in Section 5.1, and design calculations utilizing the
simulation programme SHPUMP. The AHT was designed to be operated with
vapour supply at a temperature range of 87 -100 °C and to produce steam at a
temperature range of 110 -135 °C with the working pair ^O-NaOH. The design
and construction phases of the project were performed in close cooperation with
both the Swedish engineering company AB KA Ekström & Son and the pulp and
paper mill STORA Papyrus Nymölla AB.
The AHT is designed to operate both with self-circulation alone and also selfcirculation together with forced circulation of the working solution around the
absorber. Figure 5.5 shows the AHT and the orientation of the different components in the evaporation hall.
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Figure 5.5

Schematic view of the reference absorption heat
transformer plant.

-104-

The AHT is constructed to maintain a maximum pressure difference of approximately 0.8 bar using R2O - NaOH as the working pair. The evaporator and
absorber are located next to each other at the same level, 8 m below the lower
part of the condenser. The solution heat exchanger is located 3 m below the
absorber. Due to practical and space aspects, the final location of the solution
heat exchanger is not optimal. A better location, to minimize pipe length, would
be closer to and right under the absorber. The throttling valve after the solution
heat exchanger is located at a level equal to the absorber in a straight line under
the generator.
Using a control system consisting of four valves, the AHT can be operated either
with self-circulation or with self-circulation together with forced circulation of
the working solution around the absorber. The circulation pump is located close
to the storage tank for working solution, where it is also used when the AHT system is filled up. When the solution pump is used for circulation, the liquid flow is
split into two streamo; one for the absorber and one for the generator. The weak
solution coming from the generator is mixed with the strong solution leaving the
absorber.
The evaporator component is a horizontal kettle-reboiler. The layout of the
evaporator is schematically shown in Figure 5.6.

Figure 5.6

The evaporator component.

Vapour from effect 3 is fed to the evaporator. The condensate stream leaving the
condenser enters the evaporator in the bottom and the steam produced leaves at
the top. The water volume in the evaporator occupies approximately 75 % of the
total volume, so the heat transfer area is completely submerged under the liquid
surface during operation.
The absorber component was built according to a totally new design for which a
patent has been applied. It was constructed as a constant volume absorber. The
layout of the absorber is schematically shown in Figure 5.7. A feed water stream
is fed from a feed water tank at the bottom of the absorber and leaves at the top
and flows back to the feed water tank. Liquid and steam are separated in the
feed water tank and the steam is integrated with the vapour leaving effect 1A or
IB. The weak solution enters the absorber at the top and the strong solution
leaves at the bottom.
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Figure 5.7 The absorber component together with the feed water tank.
The generator component is a vertical tube heat exchanger constructed as a
climbing-film generator. The strong solution enters at the bottom of the generator into the tubes and the weak solution flows out at the top into a liquidvapour separator. Vapour from effect 3 is fed to the outside of the tubes. The layout of the generator, separator and condenser is schematically shown in Figure
5.8.
The condenser component is a lamella heat exchanger in a vertical orientation.
Water is used as cooling medium in cocurrent mode. The superheated steam
enters at the top and condenses on the outside of the plates. The condensate
stream leaves at the bottom and flows back to the evaporator. A vent pipe is
connected to the bottom of the condenser for the evacuation of air and noncondensable gases from the AHT system.
The solution heat exchanger component is a tube heat exchanger in a horizontal
orientation. It has three shells connected in series. The strong and weak solutions flow in a countercurrent mode, with the strong solution on the shell side.
Figure 5.9 shows schematically the layout of the solution heat exchanger.

5.2.3 Preliminary results
Temperatures are measured continuously in all external and internal streams of
the AHT by thermocouples of Chrom-Alumel. Pressures of incoming and outgoing
external vapour streams are also measured with electronic pressure transmitters. The pressures in the absorber and separator are similarly measured.
Liquid levels in the evaporator and absorber are measured using magnetic level
indicators. A Pi-regulator keeps the liquid level in the feed water tank constant.
Flow rates are continuously measured for the strong solution to the generator
and steam produced from the absorber. A mass flowmeter is used to measure th?
flow rate of the strong solution, and a differential pressure meter is used for the
steam flow. The external flow rates of the condensate and cooling water streams
are measured using the bucket-and-watch method. The only automatic control
device installed in the system is a thermo-stat for the control of the flow rate of
cooling water to the condenser, which is similar to the control loop used in the
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Figure 5.8

The generator component together with the separator and
the condenser component.

Figure 5.9

The solution heat exchanger component.
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pilot-plant AHT. Due to accumulation of non-condensable gases in the condenser,
a venting procedure is carried out automatically every hour under a time period
of maximum one minute.
Currently, the AHT plant is still under the firat test period. Consequently, the
operating data available is not sufficient to determine accurately the efficiency of
the AHT. The first tests were performed with the AHT operated in the forced
circulation mode of the working solution around the absorber. A set of measured
temperature profiles and other measured data are shown in Figure 5.10 and
Table 5.6, respectively.
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Figure 5.10 Some temperature profiles measured in the reference
absorption heat transformer plant.
Table 5.6

Measured data corresponding to the steady-state period in
Figure 5.10.

Parameter
(kPa)
Pressure in absorber
(kPa)
Pressure in separator
Cone, of strong solution (wt% H2O)
Cone, of weak solution
(wt% H2O)
(kg/s)
Flow rate of strong solution
Flow rate of produced vapour (kg/s)
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Value
82.5
7.6
55.0
51.6
0.53
0.03

It can be seen, from the steady-state part of the temperature profiles, that the
AHT used steam at 100 °C in both the generator and evaporator, and that the
absorber produced steam at 123 °C. It should be pointed out that the feed water
used for the absorber, not shown in the figure, had a temperature of 55 °C. The
temperature of the vapour leaving the evaporator was 97 °C which results in a
temperature difference of 3 °C in the evaporator. Due to the forced circulation of
liquid around the absorber, the incoming and outgoing solutions had nearly the
same temperature at 125 °C. This gives a temperature difference of 2 °C in the
absorber. The strong solution was cooled down to d5 °C in the solution heat
exchanger before entering the generator. The weak solution leaving the generator had a temperature of 79 °C, which results in a temperature difference of 21
°C in the generator.
By executing WPData, using a pressure of 7.6 kPa in the separator as seen in
Table 5.6, and the measured temperature of the weak solution, the theoretical
saturation concentration is 51.5 weight % H2O. This value agrees very well with
the measured concentration of 51.6 weight % H2O. A similar calculation can be
done for the strong solution leaving the absorber. Together with the pressure in
the absorber and the temperature of the outgoing strong solution, the theoretical
concentration is 58.9 weight % H2O. This value does not agree equally well with
the measured concentration of 55.0 weight % H2O. The difference is attributed to
the presence of non-condensable gases in the absorber. If the measured concentration is correct, it would correspond to a saturation pressure of 67.2 kPa in the
absorber. Based on the measured concentrations of strong and weak solutions the
circulation ratio is calculated to / = 14.2.
If the pressure in the condenser is assumed to be equal to the saturation pressure corresponding to the condensate leaving the condenser, the pressure in the
condenser would be 6.8 kPa. Accordingly, the pressure drop between the generator and the condenser is less than 1 kPa.
The measured flow rate of steam from the absorber is 0.03 kg/s which corresponds to 75 kW. Unfortunately it seems rather difficult to measure the flow
rates of the condensate from the evaporator and the generator.
As shown in Figure 5.4, the boiling temperatures are increased in the evaporation plant as a result of the liquor shift procedure. The response of the AHT
unit during this liquor shift is exemplified in Figure 5.11 which depicts the
temperature of the strong solution from the absorber together with the temperature of the steam from effects 3 and 1A/1B.
It can be seen that it takes about 60 minutes for the strong solution in the absorber to reach a temperature in the absorber that is high enough to produce steam.
The average solution concentrations were the same before and after this temperature change in the AHT. The speed of response differs between different liquor
shifts. As indicated in Figure 5.10 the response at this time is very fast, where
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Figure 5.11 Temperature response of the strong solution leaving the
absorber during liquor shift.
the strong solution is all the time warmer than the vapour from effect 1A/1B.
Unfortunately, the way of executing the liquor shifting procedure seems to
depend on the shift personnel responsible for plant operation.

5.2.4 Future work
No electronic control systems are currently installed in the AHT, since the reference plant was deliberately designed for manual operation in the first hand.
Together with another research group working in our department with Knowledge based Risk Management (KRM)72, a data base will be developed containing
the operational know-how of the AHT on-line with the evaporation plant. This
data base will be valuable to process engineers not familiar with this type of
energy conservation systems. Based on careful analysis of the operational behaviour during the test period of both the evaporation plant and the AHT unit,
some changes in the AHT might be suggested. For instance, an appropriate
control system will be designed and installed at a later stage of the project.
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Appendix 2: Cost functions
A capital investment is required for any industrial process, and determination of
the necessary investment is an important part of a plant-design project. Some
economic data have recently been published*2-1-*2-8 concerning absorption heat
cycles. It is, however, rather difficult to evaluate these data owing to the lack of a
sufficient number of commercial full-scale plants.
The Lang multiplication factor is used quite frequently to obtain order-of-magnitude cost estimates which usually result in a probable accuracy of estimate of
about ± 30%*^. This factor recognizes that the cost of a process plant may be obtained by multiplying the basic equipment cost by some factor to approximate the
capital investment. These factors vary depending upon the type of process being
considered.
Consisting of conventional heat transfer equipment, it is rather easy to estimate
the basic equipment cost of an absorption heat cycle, taking into consideration
the additional cost necessary to account for appropriate materials of construction.
On the other hand, it is more difncult to estimate the Lang multiplication factors
for this type of plants. The few cost information reported in literature for singlestage AHTs and AHPs is briefly described in this Appendix.

A2.1 Heat Transformers
Berghmans*21 (1990) proposed the following cost correlation for an AHT:

or expressed as heat cost
HCAHT

= kj-Q' 03

[$/kW output]

(A2.2)

Further, he assumed a Lang multiplication factor of 2 which leads to
IHCAHT

where :

= 2-kj-Q"0'3

C
HC
IHC
Q
k]

=
=
=
=
=

[$/kW output]

system initial cost ($)
system initial heat cost ($/kW output)
system investment heat cost ($/kW output)
thermal output (kW)
correlation constant = 3750
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(A2.3)

In another report released the same year by U.S. Department of Energy
(DOE)*", the industrial heat pump market opportunities in the U.S. process
industries were analyzed. The capital costs for different heat pumps and construction materials were compiled for different temperature lifts. The capital cost
was expressed as heat cost in $/kW output and a number of curves were given for
different materials of construction. The plotted cost information for AHTs in
high-grade steel was curve-fitted for an approximate temperature lift of 30 °C.
The resulting function may be written as:
-0.3

[$/kW output]

= k2Q

(A2.4)

= correlation constant = 4440

where

Equations A2.2 - A2.4 are plotted for AHTs in the capacity range 2-10 MW of
delivered heat from the absorber in Figure A2.1. The capital cost for the AHT at
Hoogovens steel industry*2-4-*2-6 , installed in 1991, is marked in the same diagram for comparison.
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Figure A2.1 Absorption heat transformer cost as function of delivered
heat.

A2.2 Heat pumps
There were no cost information concerning ^vHPs in the above mentioned report
by Berghmans*21. The construction of aa AHT and an AHP is in principle identi-
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cal, however an AHP delivers twice the amount of useful energy compared to an
AHT, thus the equipment cost of an AHP can be assumed to be half the equipment cost of an AHT. This leads to the following capital heat cost for an AHP:
-0.3

= kt Q

[$/kW output]

(A2.5)

In the U.S. DOE report*", the capital heat cost for AHPs was found to fit the
following correlation:

'°3

= k3 Q
where :

k3

[$/kW output]

(A2.6)

= correlation constant = 277

Equations A2.5 and A2.6 are plotted for AHPs in the capacity range of 2-30 MW
of delivered heat in Figure A2.2.
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Figure A2.2 Absorption heat pump cost as function of delivered heat.
It should be emphasized that the above correlations would only give order-ofmagnitude cost estimates which can be used for preliminary investment
analyses.
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