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ABSTRACT

Further improvement of solar refrigeration systems depends strongly on development of more efficient
energy storage systems. A hybrid absorption / thermochemical refrigeration system is proposed in this
work, where both subsystems share the same condenser, evaporator and refrigerant fluid, making the
overall system more economic and better performing than operating both parts separately.
Performance of the system is evaluated by means of a simulation in a sample scenario, consisting of a
demand of refrigeration for a single-family residence. The influence of varying the number of solar
thermal collectors and the mass of refrigerant fluid available for storage at the thermochemical
subsystem is studied.

Keywords: Solar refrigeration, thermochemical storage, hybrid systems.

IX CONGRESO NACIONAL DE INGENIERIA TERMODINAMICA — Cartagena 3,4 y 5 de junio de 2015 45



EFICIENCIA ENERGETICA Y SOSTENIBILIDAD

1. Introduction

Efficient solar systems need to cope with the mismatch between the available solar radiation and the
demand of energy. Sensible heat storage is a common solution [1], but it is not very energetic
efficient.

Thermochemical systems are a promising option for solar applications [2]. As well as viability for
refrigeration applications, they intrinsically offer high-density energy storage (thus reducing the
system’s size) with virtually no losses, for long periods of time [3-5], although they show low COP
values (due to issues about solid-phase heat transfer). It is interesting to combine a thermochemical
storage system with a refrigeration cycle with higher COP, for instancesolar absorption refrigeration
cycles, which have been investigated [6].

In this work, a new solar hybrid absorption/thermochemical cycle is proposed and described, in a more
economic and better performing design than just driving both systems separately.

2. Cycle description

The proposed cycle is shown in Fig. 1. Its configuration is similar to a conventional absorption cycle,
but with an added reactor (R) for the thermochemical subcycle. Both the thermochemical and the
absorption subcycles can share the same condenser (C) and evaporator (E) only if they use the same
fluid as refrigerant. Selecting the same refrigerant (F) for both subsystems is the most practical
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decision, since the global system becomes economic and compact.

Fig. 1. Hybrid absorption / thermochemical cycle.

The global system can be operated continuously even when there is no heat source available, as long
as there is enough energy stored by the thermochemical subsystem. The connection R <-> TV-3 is
showed as a dashed line to indicate that the stream in it can flow in either direction, depending on the
mode (charge or discharge) in which the subsystem is operating.

The absorption subsystem works the same way as a conventional absorption chiller. The generator (G)
receives heat (Qg) from the solar collector to regenerate the sorbent. Refrigerant vapor condenses at
the condenser, rejecting condensation heat (Qc). The regenerated sorbent goes to the absorber (A), to
absorb the refrigerant vapor and release absorption heat (Qa). In the evaporator, the refrigerant
evaporates, removing heat (Qg), being this the useful effect of the refrigeration cycle. The solution
heat exchanger (SHX) improves the system’s overall efficiency.

The thermochemical subsystem [7] is formed by the condenser (C), the evaporator (E) and a reactor
(R) in which occurs a solid/gas reaction written in its generic form as:

(MX.1F ) +v(F) <> (MX (£ +V)F)+v.Ah, @
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with <MX> being a solid reactive salt having fixed gz or (x+v) moles of gas (F) per mole of salt. Note
that the stoichiometric coefficient  may be zero.

The two salts <MX.uF> and <MX.(u+v)F>, and the vapor (F) constitute a monovariant system, i.e. at
a given pressure, fixed by the condenser or the evaporator, the equilibrium temperature of the reaction
is fixed whatever the mole proportion of the two salts. That is a first great difference with the
absorption system, which is bivariant.

Moreover the transformation of reactor is intrinsically non-stationary, the composition of the reactive
salt evolving between <MX.uF> and <MX.(u+v)F>. The sense of the reaction depends on the
constraint temperature applied to the reactor at a given pressure. For a constraint temperature lower
than the equilibrium one, the reaction evolves from left to right in the expression (1). In this case, the
reaction is exothermic and the heat released at the constraint temperature is v.Ah, for one mole of salt.
Inversely for a higher temperaturethan the equilibrium one, the reaction evolves from right to left and
is endothermic.

3. Performance indicators

Performance assessment is a common and important issue when evaluating a system’s potential, and
especially when comparing it with other systems. In this work, following indicators are proposed for
the cycle: Coefficient Of Performance (COP), and Coefficient of Satisfaction of the Demand (CSD).

3.1. Coefficient Of Performance (COP)

The COP of the system for a determined operation period was defined as the relation between the total
useful refrigeration effect delivered at the evaporator and the total driving heat input to the cycle
(pump work being neglected) as it can be seen in (2).

f 5 QE(t) -dt
COP% = 5—{5 = [HYB, ABS, TCH]} 2)
f i P of ()t

This definition of COP deals in terms of energy instead of power, because of the intermittent operation
of this system The values «, and . correspond to the integration time limits for each subsystem.The
term Q corresponds the drlvmg heat input to the cycle under consideration: for the absorption
subcycle (ABS), it is the heat input to the generator, Q ; for the thermochemical subcycle (TCH), it is
the heat input to the reactor, Qg ; and for the global hybrid system (HYB), it is the sum of these
two.The term Qé corresponds to the useful refrigeration effect provided by the cycle under
consideration.

3.2. Coefficient of Satisfaction of the Demand (CSD)

Although the COP shows performance by comparing the useful output to the heat input, it is also
interesting to compare the output to the energy need in the application. A specific performance
indicator, the Coefficient for Satisfaction of the Demand (CSD), is proposed for this system (3).

= tf [Qneed(t) S| .

Qneed f Qneed(t)

CSD$ =

{¢ = [HYB, ABS]} 3)

Qneed

8.
With Qy,eeq <= f::;" Qneeq(t) - dt) the cooling effect needed for the application.

According to this definition, it results that 0 < CSD < 1. If the cooling effect provided by the system (
QE( )) equals the demand (Qneed( )) then CSD = 1. If the cooling effect is zero, then CSD = 0.

IX CONGRESO NACIONAL DE INGENIERIA TERMODINAMICA — Cartagena 3,4 y 5 de junio de 2015 47



EFICIENCIA ENERGETICA Y SOSTENIBILIDAD

4. System’s performance preliminary simulation

Two main steps can be distinguished in the simulation procedure: estimation of a sample energy
demand profile, and calculation of the cycle’s operation.

4.1. Definition of the demand profile

To show the strengths of the cycle proposed in this work, the demand of cooling for a sample
residence has been estimated on an hourly basis.Hypotheses and parameters concerning the residence
can be seen in Table 1.

Table 1. Assumed parameters for estimation of demand profile.

Location Barcelona

Date July

Building type Single-family residence
Building floor area (m?) 100

Monthly demand of cooling (MWh) | 0.85

Base temperature for cooling (°C) 21

The hourly demand of cooling was estimatedthrough the degrees day method. This method has been
proven to obtain very close-to-reality results among the simple methods [8], due to the considerable
effect of the external environment temperature on the thermal demand.

According to this method, the monthly demand is expressed as a function of the specific monthly
demand,gneeam (reference values available from real measurements, specialized bibliography or
simulation software [9]), and the residence’s floor area (Asoor), and then normalized throughthe cooling
degree days (CDDy,, CDDy). CDD (4-5) are a function of the hourly ambient temperature (Tam, ) and
the base temperaturefor cooling (T,). A hourly utilization factor(as), a redistribution factor (kg) and a
weekend factor (f..) were used to make hourly calculations for working days(Qneedwdn) (6) and
weekends (Qneeawe.n) (7). Demand was assumed to be 50% higher during weekends [10].

_ Z’}::?m(Tamb,h_Tb)

CDD,, = ” for  Tompn>Tp 4
CDDy = ZZjd(T;;””'h‘T”) for  Tampn > Ts 5)
Qneeawah = An * Ka * Gneeam 'Afloor '% (6)
Qneeawen = An " kq * Bwe * Aneeam 'Afloor '?;—Lz;: (7

4.2. Model equations

The simulation scenario was conceived as the hybrid cycle being connected to a solar thermal system
(see Table 2), and satisfying the cooling demand of a residence.

Information about hourly ambient temperature and solar radiation for the selected location was
processed to obtain the hourly solar radiation on the collector field (Q,,q (t)). With this value and
having into account the global efficiency of the solar thermal system (s01ar), the hourly total driving
heat input (Q,, (t)) was determined (8).
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Qin (t) = Qrad ) - Nsolar (8)

Then, calculations for each subcycle were made. Main temperatures for the absorption subcycle are
presented in Table 2.

Table 2. Assumed parameters for the solar thermal collectors and the absorption subsystem.

Solar collector parameters Absorption subsystem temperatures
Solar collector type Flat plate | Generator temperature, Tg (°C) | 90
Collector slope 450 Condenser temperature, Tc (°C) | 35
Useful area of one collector (m?) 2.3624 Evaporator temperature, Te °C) | 5
Solar thermal system efficiency (nsoar) | 0.5 Absorber temperature, To (°C) | 35

For the absorption subcycle, two cases are considered when calculating the driving heat input to the
generator, depending on whether or not the absorption part alone can satisfy the whole demand (9 or
10, respectively).

0o(t) = 224D if () - COPAPS 2 (e (t) ©)
QG (t) = Qin (t) if Qin (t) ' COPABS < Qneed (t) (10)

Once the heat input to the generator is known, calculation of the useful cooling effect delivered at the
evaporator by the absorption subcycle is straightforward (11).

Q#55(t) = Qg (¢) - COPABS (11)

Surplus heat produced by the solar system is derived to the thermochemical subcycle (12), causing
some refrigerant to vaporize due to the reaction (13) and therefore storing some cooling capacity in
form of liquefied refrigerant (14), which can be later utilized. When calculating the amount of
refrigerant being vaporized at the reactor, a value is needed for the enthalpy of reaction (Ahg); for
reactions involving ammonia, a standard value of 40 kJ/(mole of NH3) can be assumed as an
approximation. Since all the demand is covered by the absorption subcycle in this period, no cooling
effect needs to be provided by the thermochemical subcycle (15).

Qr(t) = Qin(®) = Qc(®)  if  Qin(t) - COP*PS > Qrpeq(t) (12)
W) = SO if Gin(0) - COPA®S > Gpeea(t) (13)
mIH () = mIH (@t — 1) +mlH (@) - At if  Qin(t) - COPABS > Qpeeq (D) (14)
(@) =0 if  Qun(t) - COPPS > Qpeq(t) (15)

The other way around, when the absorption subcycle alone cannot satisfy the demand, some cooling
effect has to be provided by the thermochemical part (16). Some of the stored refrigerant is vaporized
(17), being therefore destored (18), and also rejecting heat at the reactor (19).

QECH(t) = Qneed (t) - .gBS(t) if Qin(t) ' COPABS < Qneed (t) (16)
I = D e G (6) - COPAPS < (ppa®) a7)
TnZ:CH(t) = mZCH (t - 1) - mZCH(t) - At if Qin(t) ' COPABS < Qneed (t) (18)
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0r® =20 if  Gu(©) - COPIS < Qpepa(® (19)

For periods where the absorption subcycle can provide exactly the amount of cold demanded,Qx (¢),
QLCH (t) and mICH (t) become zero.In any case, it must be always verified that the total useful cooling
effect delivered at the evaporator is the sum of that of the absorption part and that of the
thermochemical part (20). In case the system is not designed to cover 100% of the demand, an
auxiliary heat source is needed (21).

VHVE(t) = Q255 (6) + QF°H (D) (20)
QLT(®) = QFYE(®) + QAV* (®) (21)

The absorption subcycle is assumed to operate always when possible, due to its higher COP. When it
cannot satisfy the demand alone, the thermochemical subsystem operates.Any surplus of driving heat
will be stored by means of the thermochemical subcycle.

Calculations were carried out considering different working pairs,which can be seen in Table 4, and
different number of solar thermal collectors in the residence.

Table 4. Working pairs considered for the simulations.

Option | Absorption subsystem | Thermochemical subsystem

A H,O/ LiBr H,O / SrBr
B NH3/ L|NO3 NH3/ BaClz
C NHs / NaSCN NHs / BaCl,

Properties of ammonia have been obtained from [11]. Properties of water have been obtained from
[12]. Correlations from [13] have been used for calculation of H20O+LiBr properties. Vapour pressure
data for NH3+LiNO3 were provided by [14], and data for density and isobaric specific heat are
available in [15]. Regarding the mixture NH3+NaSCN, data from [16] are used for vapour pressure,
density and isobaric specific heat. Correlations from [17] have been used for specific enthalpy of
NH3+LiNO3 as well as NH3+NaSCN. A program has been developed with Engineering Equation
Solver (EES) software which contains all properties correlations as internal functions.A fixed COP of
0.3 was assumed for the thermochemical subsystem.

5. Simulation results and discussions

Fig. 2a shows the variation of hybrid system’s COP with varying number of solar thermal collectors,
from one to ten. As expected, COP decreases with increasing number of collectors, from a value near
to the absorption subsystem’s COP when only one collector is installed, to a decreasing value a little
bit closer to the thermochemical subsystem’s COP with every additional collector. Since the COP for
the thermochemical subsystem is lower than that of the absorption subsystem, and amount of surplus
energy to be stored increases with every additional collector, the decrease in COP is logical, since the
subsystem with lower COP gains more presence in the operation. Similar effect occurs when more
mass of refrigerant is available for storage at the thermochemical subsystem. Essentially, the COP of
the hybrid system decreases whenever more driving heat is provided to the thermochemical subsystem
(either by increasing the number of collectors or the available mass of refrigerant for storage).

It can also be observed that the decrease in the COP is greater when a small number of collectors are
being used, while the value remains almost flat after certain number of collectors. Profiles show that
the COP is also dependent on the working pair under use and the mass of refrigerant available for
storage.
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Fig. 2. Effect of number of solar thermal collectors on hybrid system’s performance for different
working pairs and mass of refrigerant (in kg) available for storage. (a)Evolution of COP.(b) Evolution
of CSD.

Fig. 2b shows the variation of hybrid system’s CSD with varying number of solar thermal collectors,
from one to ten. As expected, its value increases with increasing number of collectors, since higher
fraction of refrigeration needs can be covered by the system. Similar to COP, the mass of refrigerant
for storage in the thermochemical subsystem has an appreciable impact. In this case, however, the
working pair under use in the absorption subsystem has not as big impact on CSD values as on COP
values. The reason is simple: increasing the CSD depends mainly on the performance of the
thermochemical subsystem, not the absorption one. Last, but not least, it can also be observed that for
a small number of collectors, CSD is very similar in all cases under consideration.

6. Conclusions

In this work, a new configuration for a hybrid absorption / thermochemical refrigeration system is
proposed for solar applications. A definition of COP in terms of energy instead of power is proposed
for its performance evaluation, and in addition, a new indicator named CSD is proposed to evaluate
how well the system can satisfy the demand. A sample profile of refrigeration demand for a residence
is built through the degrees day method, and a simplified model is described to carry out a preliminary
simulation of the system in that sample case. Results indicate that increasing the amount of driving
heat provided to the thermochemical subsystem (either by installing more solar thermal collectors or
by allowing more mass of refrigerant to be stored) leads to a decrease in the hybrid system’s COP and,
in exchange, an increase in the CSD.This means that it is possible for this system to cover the demand
even when solar radiation is not available, but by reducing its performance.
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