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ABSTRACT

Solar Heat for Industrial Processes (SHIP) is a growing-interest concept in the context of the reduction of
both energy consumption and greenhouse gases emissions. As industry often needs cooling power at
negative temperatures, solar-fueled NHs/H,O absorption systems can be used for this task. In the context
of the FriendSHIP European project, a novel design of absorption chiller is investigated for cooling
production at -20°C and -40°C from 100-250°C solar heat, based on a GAX (Generator-Absorber heat
eXchange) cycle with Plate Heat Exchangers (PHE). This innovative architecture can improve the heat and
mass transfers and thus the performance compared to the standard single-stage cycle. In addition,
manufacturing costs decrease, as the needed components are standardized and available on the market.
As a demonstration, a prototype is built and tested with a target of cold production at -20°C. The
experimental data are analysed to give insight for further improvements of the machine.
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1. INTRODUCTION

The efficient use of solar heat and waste process heat is a key point to succeed in the energy transition,
as the reduction of energy consumption and the sustainable energy production are fundamental goals
that must be aimed to. The SHIP concept (Solar Heat for Industrial Processes) goes in this direction,
aiming to provide high-temperature heat to industry by integrating thermal solar and efficient energy
storage technologies. However, the need of cooling power is another relevant aspect for many industrial
processes, which currently are operated with electric (vapour compression) chillers.

The FriendSHIP European project (Forthcoming Research and Industry for European and National
Development of SHIP) addresses this aspect, as one of the goals is to provide both cooling and heating
power through the same system. Firstly, a heat carrier fluid is heated up to 200°C-300°C thanks to a
combination of different solar technologies (Parabolic Trough Concentrator, Linear Fresnel Receiver) and
innovative, high-temperature heat pumps. Then, it can be directly used in industrial processes or stored.
The novelty in the system compared to Sharma et al. (2017) or Soteris (2003) SHIP architectures is the
integration of an absorption chiller, fed with the heat carrying fluid and able to deliver cooling power
down to -20°C. This makes the SHIP system less dependent from electric-driven chillers when solar energy
is available. Moreover, the absorption chiller can also be fed by the waste heat coming from the rest of
the plant. Such a feature increases the energy saving, but requires an absorption chiller able to work
effectively with variable heat source temperatures.

Up to now, absorption systems have not been investigated for deep negative cooling purposes. Erikson
and Tang (1993) studied a real case application for -15°C cooling, but only for one kind of two-stage
cycles. Considering the -20°C or -40°C cooling cases, there is a substantial lack of data about any cycle. A
GAX cycle absorption cooling technology in SHIP systems must be interesting due to its large temperature
overlap between the generator and absorber, which enables the recovery of a part of the absorption
heat release for further vapour generation and thus improve the global performance. A new GAX
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prototype was designed, built and tested with the target of cold production at -20°C. This prototype is
presented in this work.

2. CYCLE DESCRIPTION

Fluids used in this absorption chiller are NH3/H,O where the refrigerant (NHs) is compatible with the
production of sub-zero cold. Heat exchangers of the GAX heat pump are commercial welded plate
exchangers chosen for their compactness and thermal performance. The architecture of the GAX chiller
is shown in Figure 1.
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Figure 1: Scheme of GAX prototype architecture

For a convenient description, the chiller cycle can be divided into three subcycles according to the
different fluids: refrigerant, rich solution and poor solution.

2.1. Refrigerant subcycle

Due to low difference in the saturation pressures between water and ammonia, some water is desorbed
with ammonia during desorption process. To purify the refrigerant, this vapour goes to the rectifier
where a beginning of condensation increases refrigerant ammonia concentration. The tank N3 separates
purified vapour of condensates that recirculates to the poor solution line. The purified refrigerant is firstly
condensed, then subcooled in the precooler before throttling, and finally vaporized in evaporator. After
that, the vapour refrigerant is cold in the low-pressure side of the precooler and injected in the GAX1 to
be absorbed by the poor solution.
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2.2. Rich solution subcycle

The rich solution is brought to a high pressure via a pump before being heated subsequently in GAX1, in
rectifier, in GAX2 and then by an external source in the generator. In the first heat exchangers, the
solution is heated until reaching saturation temperature. Above this temperature, the desorption starts.
To separate the vapour refrigerant of the solution a first separation tank is placed after the GAX1 and a
second after the generator. These cascade heat exchangers make it possible to recover as much energy
as possible inside the machine and use external energy just to finalize desorption.

2.3. Poor solution subcycle

The liquid poor solution comes out from the bottom of the tank N22 and then it is cooled in the GAX2.
Condensates of the rectification are mixed with this solution and the resulting solution is throttled. At
the GAX1 inlet, it is mixed with ammonia. The absorption reaction occurs in two heat exchangers : it
starts in the GAX 1 using internal cycle energy and ends in the absorber with a colder external source.

3. MODELLING APPROACH

To determine the most efficient solution for the novel GAX ammonia-water cycle, many architectures
have been modelled and then implemented in the software EES (Engineer Equation Solver,
http://www.fchart.com/) to be numerically studied. EES internally provides NHs/H,O mixture
thermodynamic properties, which are calculated through the correlations proposed by lbrahim and Klein
(1993). The model is established considering each component as a control volume, thus is 0D: the internal
dynamics are excluded from the study, as the behaviour of each component is considered as a whole and
included with a relative efficiency. Even if simple, this approach is reliable for the scope, as it has been
largely demonstrated by Herold et al. (1996).

For each control volume, mass and energy conservation equations have been defined:

ZMin_zMoutzo Eq. 1
zMin Xin — zMout Xout = 0 Eq. 2
ZMinhin_zMouthout+ZQ_zwz0 Eq. 3

In the last equation, Q and W are the heat and work fluxes exiting the system boundary. Signs respect
the traditional convention.

A mass transfer efficiency is applied in heat exchangers where absorption or desorption occurs. This

efficiency is the ratio between inlet/outlet concentration differences with the optimal one:

Xin — X,
n= in out Eq. 4

Xin — Xout,sat

With Xoutsat the saturated NHs/H,O concentration at temperature and pressure outlet.

Finally, the thermal Coefficient Of Performance (COP) of the chiller is defined as the ratio between the
cold produced at evaporator and the energy input in the generator.

useful energy Qg

COP = Eq.5

heat cost Qg
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4. EXPERIMENTAL SYSTEM

4.1. Prototype

The sizing conditions are reported in Table 1. The generator inlet temperature is set at 130°C,
corresponding to the optimal numerical COP. The target of the machine is to produce cold water at -
20°C from a lower-temperature heat source (~ 20°C) with a maximum output of 10 kW from positive to
negative cold.

Table 1: Prototype nominal point

Parameters Value Measure Unit
Generator inlet temperature 130 °C
Absorber inlet temperature 20 °C
Min/Max Evaporator outlet temperature -20/5 °C
Maximum output 10 kw

Using these values as model inputs, the characteristic parameters of the components are defined. Then,
each element is identified on the market, purchased and assembled. To respect the technological
readiness asset, only industrial brazed/welded plates heat exchangers are implemented, as those last
components are standardized and produced in series. On the contrary, separation and storage tanks,
even if they are usual industrial elements, must be designed and singularly manufactured to fit the
operating conditions. In addition, as the ammonia/water mixture is very corrosive, a special attention is
payed to selecting only resistant components, mostly made of stainless steel. The pressurized tanks and
the piping make up the largest share of the material costs of the assembly (without instrumentation)
with respectively 36% and 25%, while the plate heat exchangers only represent a smaller share (13%).
3D-view picture of the prototype is shown in Figure 2.

Rectifier

GAX2

. Precooler
Absorber

Generator

& e Evaporator

Pump GAX1

Figure 2: 3D view of the GAX prototype

Three stainless steel tanks are used to separate refrigerant vapour and liquid solution at the outlets of
the generator, GAX2 and rectifier. Two other tanks are provided as fluid storages: one to store the poor
solution before pumping, in order to avoid pump cavitation during the start-up phase; the other one to
store the refrigerant after the condenser. These two storage tanks allow the heat pump to be operated
over a wider temperature range. However, the system is filled with relatively low quantities of water and
ammonia, 4.5 kg of water and 3.8 kg of ammonia. Finally, the GAX1 heat exchanger features an original,
double distributor system for the poor solution and refrigerant inlet, allowing liquid and gas flows to be
uniformly distributed into each channel.
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4.2. Measurements

Experimental tests were performed at the INES (French National Institute for Solar Energy) facility in a
test rig that allows providing adjustable temperatures and powers for the external fluids. The operating
field during the tests is reported in Table 2.

Table 2: GAX operating range during experimental test
Evaporator Absorber Condenser Generator Pump

Inlet temperature 'l:l/ﬁmr'::: :gg ig i(S) ﬁg

[cl Maximal 0 25 25 150

Mass flow rate [kg/h] EC’I‘:Z'I‘;:' 2600 3500 2700 1200
Mass flow rate [kg/h] Internal 170

The prototype is instrumented with high-precision sensors for regulation purposes and for further
analysis. Temperature sensors are positioned on the heat exchangers inlets and outlets. The measure of
overheating at evaporator outlet is used to regulate the expander opening (EXP 2). Pressure sensors
(absolute) are positioned on the high- and low-pressure solution and refrigerant circuits. Coriolis
flowmeters are employed to measure mass flow, density and temperature of the solution and
refrigerant. Liquid level sensors are placed inside the pressurized tanks to measure the amount of the
stocked liquid, thus describing the fluid distribution in the prototype. The level sensor in the separation
tank (N22) is used to regulate the opening of the solution valve (EXP 1) and the level sensor in the storage
tank upstream the pump (N1) has a protection function, as it shuts off the pump when the stocked liquid
level is too low.

Type and uncertainty of the instrumentation are described in Table 3.

Table 3: Instrumentation characteristics

Parameters Sensors type Quantity Uncertainty (+/-)
Heat transfer fluid temperature Pt100 8 0.1K
Refrigerant/Solution temperatures  Thermocouples 25 0.3K
Refrigerant/Solution pressure 0-10 bar and 0-40 bar 4 0.2% full scale
Refrigerant/Solution flow Mass flowmeter 3 0.20%
External fluid flow Mass flowmeter 4 0.30%
Density Mass flowmeter 3 2 kg/m3
Liquid level Capacitance level sensor 3 0.50%

The heat flux is calculated on the external side of the heat exchangers (absorber, generator, condenser
and evaporator). As an example, the cold output, which is the evaporater power, is defined as:

Qr = MECP,w(TE,in - TE,out) Eq. 6

where cpis the specific heat of water and M is the heat carrier fluid flow.

Ammonia fractions are calculated from measured density, temperature and pressure through reverse
correlations based on Ibrahim and Klein (1993). Density is measured at three points in order to know the
refrigerant concentration after rectification, rich solution concentration at the absorber exit and poor
solution concentration at the generator exit. The maximum error is £2.5%.

5. EXPERIMENTAL RESULTS

5.1. Startup

The solution pump starts with an acceleration ramp and its rotation speed is set to reach the nominal
rich-solution mass flow rate. Both expander valves (EXP1 and EXP2) are regulated by an automatic control
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5.2.

system. The valve EXP1 is used to regulate the liquid level in the tank N1 in order to avoid cavitation at
the pump inlet. The valve EXP2 is set to impose an overheating of the vapour at evaporator outlet of
about 3-5 °C. The ratio of the rich solution used for rectification is regulated by measurement of
refrigeration temperature at point 313.

As shown in Figure 3, the machine lowers the evaporation temperature until the desired -20°C is reached.
This time needed for a stabilized cold production mainly depends on the hydraulic dynamic of the cycle,
particularly on the stabilization of the high and low pressures (absolute values). These two pressures are
driven by the control parameters such as the pump flow rate and the expansion valves (EXP1 & EXP2) as
well as the thermal inertia of the heat exchangers.

During the starting period, we observe that the COP reaches a maximum value of about 0.54 while the
cold temperature approaches 0°C and then becomes negative. It is stabilized at a value of 0.35 when the
cold temperature reaches -20°C.

20 +

Evaporation Temperature [°C]
=
o o

_10 4
_20 _ T T T T T T T ]
05:00 10:00 15:00 20:00 25:00 30:00 35:00
Time (mn)

0.5+

0.4
o0 0.3+
o
“ 0.2

0.1+

0.0 - T T T T T T T

05:00 10:00 15:00 20:00 25:00 30:00 35:00
Time (mn)

10 T ————L—====s=====sF=" '-Jf__-
- r"-.._fr“ _______
3 81
E --- High pressure
> 67 —— Low pressure
[%4]
@
a 41

2 4

05:00 10:00 15:00 20:00 25:00 30:00 35:00

Time (mn)

Figure 3 : Evolutions of different parameters during the start-up of the prototype.
Stabilized performance

The impact of different parameters on the system performance were evaluated. In particular, the study
concerns the influences of the generator, evaporator and cooling temperatures (absorber/condenser)
and the impact of the rectification. The experimental test conditions were reported in Table 2. For each
operating condition, several points were made to ensure measurement repeatability. In the figures
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presented below, these points were averaged for greater readability. The dispersion of the points is
negligible.

5.2.1.  Temperatures variation impact

- Evaporator temperature variation

Figure 4 shows the prototype performances as a function of the evaporator temperature. At -5°C, the
prototype provides nearly 11 kW of chilled water with a thermal COP of 0.54. As expected, the
performances drop with the evaporator temperature: at -20°C, 6 kW is produced with a COP around 0.36.

12 1.0
104
0.8
8,
?_4 0.6
‘g e =
NS —
pe]
2 / 0.4
O
4
5 0.2
X  Cold output [kW]
e COPI[-]
0 0.0
—-20 -15 —-10 -5

Evaporation temperature TE [°C]

Figure 4 : Evaporator temperature variation impact on cold production and COP with Te=120°C, Ta=20°C and

M pmp=180 kg/h
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Figure 5 : Generator temperature variation impact with Te=-20°C, Ta=20°C and Mpump=170 kg/h
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As shown in Figure 5, increasing the generator inlet temperature results in a slight decrease of the
thermal COP while there are an optimal temperature between 130 and 140°C for cold production (a).
Indeed, when T increases, more vapour is produced at the generator outlet due to a greater desorption
(b) but with a higher water content. Therefore, to keep the same refrigerant concentration it is necessary
to rectify more and to remove more condensates. The refrigerant flow rate stagnates and no more cold
power is produced. However, contrary to the simple-stage simple-effect architecture which presents a
sharpen decrease of the COP over the generator temperature, the GAX architecture enables a near flat
COP curve and therefore more flexibility of the machine in order to adapt the heat source temperature.

5.2.2. Refrigerant concentration impact

Several rectification temperatures were tested (Ts13) in order to modify refrigerant quality. As shown on
Figure 6, rectification temperature varies between 70 and 86°C. As expected, the refrigerant quality
improves when the rectification temperature decreases. An optimal COP is observed for a quality of
around 0.975, showing that it is not useful to have too pure ammonia refrigerant: until 0.975, quality
improvement allows to produce more cold power with the same evaporator overheating; beyond this,
the loss of condensates during rectification leads to an excessive reduction of the refrigerant mass flow
rate, decreasing the cold power production.
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Figure 6 : Rectification temperature impact on refrigerant quality and on the COP

5.3. Comparison of experimental and numerical results

The Figure 7 shows all the experimental stabilized points made under different temperature conditions
which are compared to the numerical ones obtained in the same conditions. The temperature ranges
tested (Tg, Tasc, Te) vary between ([120;150]°C, [15;25]°C, [0;-20]°C). By specifying the heat and mass
efficiencies of the components and integrating the hypothesis listed in Table 4, the model returns the
thermodynamic conditions of the state points of the cycle and the global GAX prototype performances.

ICR2023 | 26™ International Congress of Refrigeration | August 21%t-25" 2023 | Paris, France




Table 4: Hypothesis of the model for the prototype modelling

The system is at steady state; Adiabatic components and pipes;
Ideal heat sources and sinks;
Pressure drops are negligible; Pump has ne = 0.9 and n, =0.8;
Saturated fluid at separation tanks outlet; The heat transfer efficiency is 0.8;
Evaporator temperature glide is 5°C; Absorption efficiency is 0.6 and desorption

efficiency is 0.4
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Figure 7 : Numerical and experimental results comparison of COP and cold power with Mpump=170 kg/h

The adjustment of these heat exchangers efficiencies makes it possible to have results presenting the
same tendencies with however a slight difference in performance: around 6% and 20% for the COP and
the cold power respectively. These comparisons with the model highlight the points to be improved on
the prototype. Indeed plate heat exchangers provide satisfying heat transfer but the species mass
transfers inside the absorber and the generator remain limited. Future investigations will be carried out
in order to improve the distribution of fluids and the time of contact between species in these heat
exchangers.

CONCLUSION

This paper presents a new architecture GAX NHsz-H,O absorption chiller designed with plate heat
exchangers in order to offer a compact, easy-to-manufacture machine. An innovative architecture was
proposed with the particularity of using internal heat exchangers to enhance energy recovery and
minimize external heating. A model was developed for design and preliminary performance simulations.
A prototype was built for cold production from 5°Cto -20°C. Once the values of the regulation parameters
are identified, the start-up of the machine can be easily operated. At -5°C, the prototype provides nearly
11 kW of chilled water with a thermal COP of 0.54. At -20°C, 6 kW is produced with a COP of around 0.36.
The tests show the capacity of the machine to operate in a wide range, especially in terms of the inlet
temperature of the generator from 120°C to 150°C, which is interesting to address different applications
with a flexibility in terms of heat source temperature.
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NOMENCLATURE
Cr Specific heat [1/kg.K] Subscripts
M Mass flow [kg/s] A Absorber
Vi Efficiency [-] C Condenser
Q Heat exchange rate [W] el electric
T Temperature [K] E Evaporator
W Pump work [W] G Generator
X Ammonia concentration [-] in input
m mechanical
Acronyms out output
cop Thermal coefficient of performance sat saturation
Expl Solution valve w water
Exp2 Refrigerant expander
N Tank liquid level
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