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ABSTRACT

Stand-alone photovoltaic systems usually use batteries to adjust energy yield to energy demand.
An alternative energy storage system for stand-alone photovoltaic installations is proposed for
three cooling applications: air conditioning, food preservation and freezing. A thermally insulated
storage tank with ammonia in saturated mixture phase is integrated into the vapour-compression
cooling cycle. A thermodynamic model and an economic assessment based on typical costs and
costs sensitivity are included to assess the proposed system performance in comparison with a
conventional stand-alone photovoltaic system with a vapour-compression cycle. Results show the
proposed storage strategy is an affordable option especially in hot climates and for food

preservation and freezing applications.
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Nomenclature

A, Required photovoltaic array area of the installation 1 per cooling unit (m*/kWh).
Apyz Required photovoltaic array surface of the installation 2 per cooling unit (m*kWhc).

Cyq Installation 1 total costs (including tank and refrigerant costs but excluding the cooling
cycle costs) per cooling unit (€/ kWh,).

Cey Installation 2 total costs (excluding the cooling cycle costs) per cooling unit (€/ kWh,).
DoD  Battery Depth of Discharge.

E, Energy capacity of battery B in 10 discharging hours per cooling unit (Wh/kWhc).
Epqux Energy capacity of auxiliary battery B, per cooling unit (Wh/kWhc).

E, Compressor energy consumption of the installation 1 per unit of kWh, (kWh).

E, Compressor energy consumption of the installation 2 per unit of kWh, (kWh).

EER1 Installation 1 Efficient Energy Ratio.

EER2 Installation 2 Efficient Energy Ratio.



Epy1 Energy required to the solar array of the installation 1 per unit of kWh, (kWh).
Epy,  Energy required to the solar array of the installation 2 per unit of kWh, (kWh).
g Acceleration due to the gravity (m/s?).
H, Drop pressure in the refrigerant circuit between point 9 and 10 of installation 1 (mwc).
h; Specific enthalpy at the point i ( kJ/kg).
Moy Required refrigerant mass, per cooling unit (kg/kWhc).
P Auxiliary pump power (W).
Py Battery cost per storage kWh (€/kWh).
P, PV array cost per m* (€/m?)
Prey  Ammonia cost per kg (€/kg).
pPr Pressure to be withstood by the tank (Pa).
p *I(T,) Ammonia vapour pressure at evaporator temperature, T, (Pa).
P, Ammonia tank cost per unit of volume (€/m”).

Q; Cooling produced by the evaporator (kWh,)

qQve  Volume flow rate of ammonia at point 9 of installation 1(m73).

r Annual discount rate, %.

T. Evaporator temperature (K).

Vr Volume of the refrigerant tank, per cooling unit (m*/kWhc).

P9 Ammonia density at point 9 of installation 1 (kg/m’).

Neb Mean battery charge efficiency.

Nab Mean battery discharge efficiency.

n; Mean inverter efficiency.

Nu Mean electric motor efficiency of the pump.

Np Mean pump efficiency

Npa  Mean power conditioner efficiency.

Npv Mean photovoltaic array efficiency at Standard Test Conditions for both installations.

1. Introduction

Solar energy technologies for cooling applications have a high growth potential (Otanicar et al.,

2012). In general, annual solar radiation profiles match better cooling demand profiles than

heating demand profiles, because more cooling power is required when solar energy is abundant.



Due to the intermittent character of solar radiation and to the variations in the cooling demand
during day and night, solar cooling technologies require energy storage systems or alternative
energy sources to overcome the problem of meeting the cooling demand with the solar energy

production.

The most widespread options of solar radiation use for cooling applications, are solar thermal
driven adsorption, desiccant, absorption or solar mechanical compression system (Ge et al., 2018;
Lazzarin and Noro, 2018; Palomba et al., 2019; Pintaldi et al., 2015; Sarbu and Sebarchievici,
2013) based on different solar collectors types operating in different temperature ranges: flat plate
collector (FPC) (300 K-350 K), evacuated tube collector (ETC) (320 K-480 K), compound
parabolic collector (CPC) (330 K-510 K), single-axis tracking Linear Fresnel reflector (LFR)
(330 K-530 K), parabolic trough collector (PTC) (330 K—570 K) and cylindrical trough collector
(CTC) (330-570 K) (Lillo-Bravo et al., 2018). In these applications, solar thermal energy is used
to realize the regeneration of adsorbent/sorbent. The majority of these technologies require
thermal energy storage (TES) systems to balance the cooling demand and the energy production.
In many cases, the TES system uses a tank, which can be made of different materials (Alva et al.,
2017). Frequently, the TES system is not included into the cooling cycle. The solar collector
provides energy to the TES and the TES provides thermal energy to the cooling cycle. However,
there are proposals to integrate the TES system into the cooling cycle. For instance, Xu et al.
(2011) use a refrigerant storage tank into the absorption cooling cycle connected directly to the

solar thermal collector using lithium bromide (H20-LiBr) as the working fluid.

An alternative for solar cooling applications are photovoltaic (PV) systems used to power a
conventional vapour compression cooling cycle. Cooling PV systems were limited by low PV
efficiency and high initial investment; thus their application has been ignored until recent years.
Nevertheless, cooling PV systems have a high thermodynamic potential (Lillo and Silva, 2014)
and the electrical heat pumps are expected to provide heating and cooling with high efficiency
(Chua et al., 2010), thanks to better components such as compressors (Ma and Zhao, 2008; Wang
et al., 2009) and evaporators (Visek et al., 2014), and new configurations, integrated or not with
renewable energy systems. In addition, due to the reduction of PV module and vapour-
compression cycle equipment prices, this alternative is likely to attract more and more attention

in the near future.

Batteries are the most commonly used energy storage system in stand-alone photovoltaic systems
for cooling. For instance, Bilgili et al. (2011) and Torres-Toledo et al. (2016), include batteries
that supply power to the compressor of the refrigeration cycle, thus ensuring the cooling demand

when there is not sufficient solar radiation.



The efficiency of batteries varies as a result of highly diverse technology, fabrication materials,
and industrial drivers (Shuru et al., 2018; Xu et al., 2018). There are important areas of research
in batteries, from lines focused on controller systems (Awadallah and Venkatesh, 2016; Lv et al.,
2016; Rajani and Pandya, 2016) to the development of new materials. (Arenas et al, 2017) and
technologies (Khan et al., 2017). For instance, lead-acid batteries have seen efficiency
improvements through carbon enhancement, which effectively combats self-discharge. Lithium
ion batteries boast are improving with demands from the electric vehicle industry in rapid charge-
discharge cycles. Despite this effort in research, today the cost of the battery storage of a
photovoltaic system is very significant. Andreas Jossen et al. (2004) estimate that the cost of a
storage system with lead-acid batteries can reach 50% of the cost of a stand-alone photovoltaic

system. For this reason, the search for alternatives to batteries is of great interest.

Axaopoulos and Theodoridis (2009) propose, as an alternative to the use of batteries, the use of
ice-water tanks as storage system using a specific controller for four compressors with
photovoltaic panels and without batteries, however this solution requires solving some
technological challenges such as compressors control and ice nucleation control, among others.
Veerakumar and Sreekumar (2016) propose the use of phase change materials (PCMs) for
refrigeration energy storage. Or¢ et al. (2012) review the PCMs for cold thermal energy storage
applications, using a tank with PCM as an alternative to the ice tank. PCMs usually have low
thermal conductivity and some of them such as eutectic salt solutions could be corrosive and
chemically unstable. Another application of PCM in PV cooling processes is the one proposed by
Fuqiao Wang et al. in their three-part study (Wang et al., 2007a, 2007b, 2007¢). The authors
propose incorporating PCMs in different positions inside the cooling cycle to improve the cycle

efficiency, but not for ensuring the cooling demand.

Another possibility to ensure the cooling demand is the use of hybrid PV systems without an
energy storage system. These systems compensate the photovoltaic electricity production with
the electricity provided by another energy source according to the demand. For instance, for grid-
connected PV applications, Fong et al. (2010) propose the combination of a PV system, without
battery, connected in parallel with the electric grid for building air conditioning. Nowadays, there
is commercial equipment in the market based on this combination (Frigicoll Company, 2014).
Ozcan and Akyavuz (2017) propose a hybrid system, consisting of photovoltaic modules and fuel
cells. Mira-Hernandez et al. (2016) analyse a compressed-liquid energy storage with an
adsorption-based vapour accumulator for solar-driven vapour compression systems in residential
cooling. They highlight that, for the practical feasibility of the proposed configuration, the

development of refrigerants with more favourable adsorption behaviour is required.



On the other hand, PV configurations, including photovoltaic panels inside the cooling production
cycles, have also been developed. These systems, called solar assisted heat pumps (SAHP), are
based on the use of direct-expansion solar collectors to replace the standard air source evaporator
in a heat pump system. These configurations use different designs of hybrid photovoltaic/thermal
(PV/T) panels (Alobaid et al., 2017; Beccali et al., 2009; Chen et al., 2011; Hu et al., 2010; Ji et
al., 2008; Keliang et al., 2009; Saitoh et al., 2003; Xie et al., 2006). The purpose of these
configurations is not to ensure the cooling demand but to increase the performance coefficient of

the heat pump and to improve the performance of the PV panels

All of these studies highlight the interest in the search for new materials, technologies and

configurations for cooling stand-alone photovoltaic installations.

This paper presents a novel storage system for cooling stand-alone photovoltaic installations. This
system is based on using a thermally insulated tank closed with a moving plunger with ammonia
in saturated mixture phase integrated into the vapour-compression cooling cycle. The tank is used
as an energy storage system at constant pressure equal to the steam pressure of the refrigerant at
the evaporator temperature. The aim of the paper is to describe the components of the novel system
with all its operating modes. The installation is assessed in terms of Energy Efficiency Ratio (EER),
required photovoltaic array area (Apy), PV array energy (Epy), total costs (Cy), tank volume (V) and
refrigerant mass (myef) for three cooling applications: air conditioning with an evaporator temperature
of 283 K, for food preservation with an evaporator temperature of 268 K and for freezing with an
evapo- rator temperature of 250 K. To this end, all these technical variables have been calculated to
supply 1 kW-hour of cooling production for one day on a site characterized by an average daily solar
radiation on the PV module plane of 5 kWh/mZ-day with a condenser tem- perature (or ambient
temperature) from 283 K to 313 K. In addition, the required photovoltaic array area and the total costs
of this configuration is compared, on the same terms, with the most frequent PV configuration for
cooling production: a PV array, a battery (as the storage system) and an inverter, connected to a

conventional vapour-compression cooling cycle. The battery energy capacity (Ep), Epy and EER are

also analysed for this configuration.

The structure of the paper is as follows: in Section 2, the proposed photovoltaic installation for
cooling production is described and its operating modes are defined in detail. In Section 3, the
photovoltaic installation used as a reference is described. In Section 4, the methodology followed
to analyse the PV installation proposed is presented. In Section 5, the size of the components, the
efficiency and the cost of both installations are assessed by cooling demand unit. The main

conclusions of this study are outlined in Section 6.

2. Description of the proposed installation



Fig. 1 shows the proposed stand-alone photovoltaic installation for cooling production called
installation 1. This installation uses the excess available PV electricity during low or null cooling
demand periods to compress additional refrigerant vapour, which is condensed, expanded and
stored at constant pressure so it can be evaporated at a later time when the cooling demand cannot

be met with the available electricity.

The proposed installation consists of a PV array connected to the compressor through a power
conditioning system or inverter. The vapour-compression cooling cycle includes a pressurized
and thermally insulated storage tank (ST), with ammonia (R717) as refrigerant in saturated
mixture phase, connected to the expansion valve outlet (Fig. 1, point 8), to the three-way valve
inlet (Fig. 1, point 10) and to the pump inlet (Fig. 1, point 9). The pump is powered by an auxiliary
battery. All other components are the same as those of a conventional vapour-compression

cooling cycle.

This configuration is similar to the used by Xu et al. (2011), but in the present proposal the
tank is integrated into a compression cycle, not into an absorption cycle, and the refrigerant is
ammonia instead of lithium bromide (H20-LiBr). In addition, this configuration is suitable to
different evaporator temperatures (250 K, 268 K and 283 K) and applications, whereas Xu’s

proposal is only applied to air conditioning applications.
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Fig. 1. Proposed installation 1.

2.1. Operating modes



The proposed installation 1 has five operating modes. Figure 2 shows five diagrams, from”a” to”
e” that correspond to each operation mode from 1 to 5 respectively.. In these diagrams, the red
solid lines show where the refrigerant is running in each operating mode and the arrows show
their flow direction. Moreover, when the PV array powers the compressor for cooling production
the dotted line which joins both systems is depicted in red. The five operating modes are described

in detail bellow:

Fig. 2. Installation 1 operating modes: a) operating mode 1, b) operating mode 2, c) operating
mode 3, d) operating mode 4 and e) operating mode 5.

Operating mode 1 (Fig. 2a): This operation mode corresponds to cooling production from only
PV array, the energy storage is inactive. The vapour-compression cooling cycle is exclusively
powered from the PV array; the energy storage tank remains inactive. In this case, the PV array
powers the compressor for cooling production, without variation of the steam quality of the
refrigerant stored in the tank. This operating mode is used when the available electricity exactly

matches the cooling demand.



In this operation mode, the Installation 1 produces cold according to the compressor operating
conditions, which in turn depends on the electrical production of the PV array as a function of the
available solar radiation and the condenser and evaporator temperatures, according to the p-h
diagram shown in Fig 3. Tank volume is constant during this operating mode as it is shown in

Fig. 3.
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Fig 3. p-h diagram of the operating mode 1. During this mode the tank volume and refrigerant

vapour quality in the tank is constant.

Operating mode 2 (Fig. 2b): This operation mode corresponds to cooling production and energy
storage charge. The vapour-compression cooling cycle is operated to produce cooling and to
increase the energy stored in the tank, by reducing the refrigerant vapour quality. According to
Fig. 4, as the refrigerant flow exits the valve (point 5), a fraction a of the liquid refrigerant enters
in the tank (point 8) and the other refrigerant fraction, 1-a, flows through the evaporator (points
6-7). The refrigerant circulates from the evaporator outlet (point 1) together with saturated vapour
from the tank outlet (point 10) through the compressor and condenser, and returns to the
expansion valve inlet, according to the p-h diagram shown in Fig 4. Tank volume and refrigerant
vapour quality in the tank are decreasing during this operating mode, as it is shown in Fig.4.(

thick arrow).
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Fig 4. p-h diagram of the operating mode 2. During this mode decreases the tank volume and

refrigerant vapour quality in the tank.

This operating mode is used when there is an excess of available electricity to meet the cooling
demand. The installation 1 produces cold according to the cooling demand but the cooling cycle
can decrease the refrigerant vapour quality in the tank, recirculating the refrigerant from the tank
by means of the compressor, thereby increasing the storage capacity. As the refrigerant vapour

quality in the tank decreases, the installation storage capacity increases.

Operating mode 3 (Fig. 2¢): This operation mode is used when there is available electricity to
drive the compressor but there is no cooling demand. This operation mode exclusively increases
the energy stored in the tank. The vapour-compression cooling cycle is operated reducing the
refrigerant vapour quality in the tank without cooling production, according to the p-h diagram
shown in Fig 5. The tank volume and refrigerant vapour quality in the tank are decrease during

this operating mode, as shown in Fig. 5.(thick arrow).
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Fig 5. p-h diagram of the operating mode 3. During this mode decreases the tank volume and

refrigerant vapour quality in the tank.



Operating mode 4 (Fig. 2d): This operation mode corresponds to cooling production exclusively
from storage; energy storage discharge. The vapour-compression cycle produces cooling from the
energy stored in the storage tank, increasing the refrigerant vapour quality in the tank, according
to the p-h diagram shown in Fig 6. Tank volume and refrigerant vapour quality are increasing
during this operating mode. The compressor does not work. According to Fig. 6, the refrigerant
exits the tank in saturated liquid phase (point 9) and enters into the evaporator at point 7. The
refrigerant returns to the tank (point 10 from the evaporator outlet (point 1)) while the compressor

does not work.

Pressure
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Fig 6. p-h diagram of the operating mode 4. During this mode increases the tank volume and

refrigerant vapour quality in the tank.

Operating mode 5 (Fig. 2e): This operation mode corresponds to cooling production from PV and
energy storage; energy storage discharge. A fraction a of the refrigerant flow entering the three-
way valve (point 1) goes to the compressor (point 2) and the other refrigerant fraction, 1-a, goes
to the tank (point 10); the refrigerant fraction 1-a leaves the tank as saturated liquid (point 9) and
together with the refrigerant fraction a, from the expansion valve (point 6) reach the point 9°" at
the evaporator input, according to the p-h diagram shown in Fig 7. The tank refrigerant vapour

quality and tank volume increase.
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Fig 7. p-h diagram of the operating mode 5. During this mode increases the tank volume and

refrigerant vapour quality in the tank.

This operating mode is used when the available electricity is insufficient to meet the cooling
demand. The saturated liquid is discharged from the tank to assist in providing the required
cooling demand. The compressor operating conditions depend on the PV electricity production
according to climatic conditions. The tank complements the refrigerant flow from the compressor

to provide the cooling demand.

The potential issues related to the control of the installation in the different operating modes must

be analysed and solved but are out of the scope of the current work.
3. Description of the reference installation

Fig. 8 shows a stand-alone photovoltaic installation with battery for cooling production. This
installation, called installation 2, is used as reference. Installation 2 consists of a PV array, with a
battery (B) as energy storage system, with a charge controller and inverter that powers the
compressor of a conventional vapour-compression cooling cycle. This installation has the
possibility to provide cooling at times when there is not sufficient available electricity thanks to

the energy stored in the battery.
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Fig. 8. Reference installation 2.
For both installations, ammonia has been selected as refrigerant due to its wide range of operating
temperatures (223K-288K), low cost, excellent thermodynamic properties leading to a high EER,
low specific volume in the saturated vapour phase compared to other refrigerants, minimal
environmental impact, zero Ozone Depletion Potential and zero Global Warming Potential (34-
2007 (Standard ANSI/ASHRAE), 2007). According to the ASHRAE classification (34-2007
(Standard ANSI/ASHRAE), 2007), ammonia belongs to the B2L safety group, with low

flammability but toxic and corrosive features, thus requiring appropriate safety controls.

4. Methodology

Installation 1 and Installation 2 are assessed for the three cooling applications in terms of Energy
Efficiency Ratio (EER), required photovoltaic array area (4,,),total costs (C,), tank volume (V)
and refrigerant mass (m,.) of Installation 1 and the energy capacity of the battery B, (£;) of
Installation 2. To this end, all these technical variables have been calculated per kilowatt-hour
unit of cooling capacity, for three evaporator temperatures depending on the cooling use, 283 K
for air conditioning, 268 K for food preservation and 250 K for freezing. This comparison is
addressed for a site characterized by an average daily solar radiation on the PV module plane of

5 kWh /m*-day with a condenser temperature from 283 K to 313 K.

The cooling effect produced by the evaporator of the Installation 1, (@), is determined by Eq.
(1):

QL= Myes - (hy — h7)/3600 (1)
where h; is the specific enthalpy at the point 1 and h; at the point 7. The specific enthalpy of all

points are calculated using the Refprop software (Lemmon et al., 2002). The cooling cycle model

has been implemented and simulated with the Engineering Equation Solver (EES) software



(Klein, 1992). The required refrigerant mass, (M) to provide a cooling demand Q, equal to 1

kWhe is determined by Eq. (2):
Myer = 3600 /(hy — hy) (2)

The required pumping power (P) to overcome the pressure drop in the hydraulic circuit from

point 9 to point 10 is determined by Eq. (3) :
By = (P9 g quo* Hp) /M - Mp A3)

where qyq (ng) is the refrigerant volumetric flow in point 9, pg (kg/m3) is the ammonia density
atpoint 9, g (m/s?) is the acceleration of gravity and H, (m of water column) is the pressure drop

in the cooling circuit between point 9 and point 10 according to Fig. 1.

The required auxiliary battery energy (Epgyy) to drive the pump P is determined by Eq. (4):
Egaux = (g - Myer * Hp) /(Mm *NMp * Nap - DoD) “4)
where 1y, is the efficiency of the electric motor of the pump, 71, is the pump efficiency, 14y is the

battery efficiency and DoD is the battery depth of discharge.

The EER, and the compressor energy consumption of the installation 1, (£.;) expressed in kWh,

for a cooling demand of Q;equal to 1 kWhc/d is expressed as:

— Q. _ 1kWh _ (hi=hy)
EERl B Ecy B Ecy B (hs—hz)

&)
where Eq is the compressor required energy of the installation 1, calculated according to Eq.( 6).

_ (ha=hy) |
Ee1 = Gicny TkWh (6)

The required energy at the output of the solar field of the installation 1 (Ep,) is calculated by the
Eq. (7):

Ec
Epvl = ﬁ (7
where 1,4 is the power conditioner efficiency.
The required solar array area of Installation 1, (Apy4) is calculated by Eq. (8):
Epy
Apvl = 2 (8)

NpvHg

where 1y, is the PV array efficiency at Standard Test Conditions (1000 W/m?, 25°C, AM=1,5),

and Hg is the daily total solar radiation on the PV module plane (kWh /m*-d).



The energy at the output of the solar array (Ej,;) required to cover the compressor energy demand
of Installation 2, (E,,), is calculated by the Eq. (9):

Ecp
Neb Ndb Mi

€))

Epvz =

and the compressor energy demand of the installation 2, (E,,), according to Fig. 2, is calculated

by Eq. (10):

_ (hp—hy) . . __ 1kWhc
E., = (hehie) 1 kWh with  EER, = ) (10)
The required solar array area of the installation 2 is calculated by Eq. (11):
Epv
Apvz = 70 (an

NpvHg

The tank volume changes according to the refrigerant conditions to keep the refrigerant at constant
pressure. The pressure in the tank is the steam pressure of the refrigerant at the evaporator
temperature. The required maximum refrigerant tank volume V,, per cooling unit (kWhc), in the

installation 2 is calculated by Eq. (12):
Ve =115 Myer * vref(pl) (12)

where 15% of additional volume is included as a security margin; v,..r(p;) is the refrigerant

specific volume (m*/kg) at the evaporator outlet, point 1.

The minimum pressure that the tank has to stand (pr) is calculated as 1.5 times the steam pressure

of the refrigerant at the evaporator temperature, p/ *9(T,,,) according to Eq. (13).

pr = 1,5-p/*9(T,,) (13)
The battery size, E, of installation 2, in kWh, is calculated by Eq. (14):

Ep=—22 (14)

NdbNi-DoD

The total costs for both installations are determined by Eqgs. (15) and (16):

1
Ce1 = Apvl “Psq + Ve P+ Myer * Pref : (1 + (1+r)tr) (15)
1 1
Cez = Apvz  Pea + B - Py - ( 1+ omn + o) (16)

where Cy4 is the installation 1 total cost (excluding the cooling cycle costs except the refrigerant
and the tank) (€/kWhc), C;, the installation 2 total cost (excluding the cooling cycle costs)
(€/kWhc), P, the refrigerant tank cost (€/m’), P, the battery cost per storage kWh (€/kWh), Py,

the PV array cost ( €/m), Py¢5 the refrigerant cost (€/kg), r the annual discount rate, %, tb; and



th, are the period in years of reposition of the battery, and # is the period, in years, of reposition
of the refrigerant. The comparison between the two installations has been made under the

following assumptions:
1.- Analysis period for both installations: 30 years.

2.- The PV array consists of monocrystalline silicon modules that work in Standard Test

Conditions (STC). The PV array efficiency (npy) is 15% for both installations with a lifetime of

30 years (Sampaio and Gonzalez, 2017).

3.- The depth of discharge of the battery (DoD) is 75 % with average charge efficiency (1) and
average battery discharge efficiency (ngp) of 80 % (Bruch and Miiller, 2014). The useful life of
the battery is 10 years (Rajani and Pandya, 2016), so it should be replaced 2 times during the
analysis period, sotbl=10 and tb2=20.The discharge time for the purpose of calculating the
required energy capacity of the battery £, is 10 h . The average inverter efficiency,n;, the average
power conditioner efficiency, 1,,, and the average pump electric motor efficiency, ny,are 90 %
(Onur and Ugur Sava, 2011). The average auxiliary pump hydraulic efficiency np is 70 %. A
useful life of 30 years is considered for the inverter, charge controller, power conditioner, motor

and pump; the isentropic efficiency the compression process is 75%.

4.- The useful life of the ammonia refrigerant is 15 years, so it should be replaced once during the
analysed period, so tr=15. The proposed tank should have an internal coating of stainless steel
reinforced with fiber or polyester on the outside. The tank volume has been increased by 15% as
a safety margin with respect to the theoretical minimum required volume. The useful life of the

tank is 30 years.

5.- In both installations, the heat pump operation and maintenance costs are considered equal and

they have not been included in the comparative analysis.

6.- The incidence of the recirculation pump and the auxiliary battery required in the installation 1

are neglected in the economic calculations and energy balances.

7.- The storage tank and valves operate adiabatically. The evaporator and condenser operate at
constant pressure. The mass flow of the incoming streams to the condenser is controlled by a
control system as a function of the power input to the compressor available from the PV system

and the cooling demand.

8.- It is assumed that the refrigerant phase is saturated vapour at the evaporator outlet and upper
storage tank outlet (point 10), superheated vapour at the compressor outlet, saturated liquid at the

condenser outlet and lower storage tank outlet (point 9) and saturated mixture at the expansion



valve outlet and inside the storage tank. The vapour-compression cooling cycle devices are

modelled as steady-state to get a cooling demand of 1 kWhc.

9.- For the economic comparison, a discount rate value (r) of 3 %/year is assumed for both
installations. The equipment costs and the sensitivity range shown in Table 1 are assumed for the

calculation of the total costs of both installations.

Table 1. Price of main components.

Cost Sensitivity Range References
Tank P,= 400€/m’ 200-1000 €/m’ (*)
Battery P,=250 €/kWh. 100-500 €/kWh (Bruch and Miiller, 2014; Onur

and Ugur Sava, 2011; “Solaray
energy,” 2013)
PV Array P;,=1,5 €/Wp. 1-2,5 €/Wp. (“PV-magazine,” 2016) (**)
Refrigerant P..=2 €/kg - (“Market realist,” 2016)

(*) Prices contributed by several companies in Spain.
(**) Assuming 160 Wp/m?.

5. Results and discussion

Figs. 9, 10 and 11 represent tank volume, refrigerant mass, PV array energy, and Energy
Efficiency Ratio, respectively, as a function of the condenser temperature (7p) for the three

evaporator temperatures (7,) in Installation 1.
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installation 1 depending on the condenser temperature for an evaporator temperature of 283 K.
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Fig. 10. Tank volume, refrigerant mass, PV array energy, and Energy Efficiency Ratio, for
installation 1 depending on the condenser temperature for an evaporator temperature of 268 K.
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Fig. 11. Tank volume, refrigerant mass, PV array energy, and Energy Efficiency Ratio, for

installation 1 depending on the condenser temperature for an evaporator temperature of 250 K.

The tank volume and the refrigerant mass vary significantly by varying the evaporator

temperature. However, they vary slightly with condenser temperature. On the other hand, the



energy efficiency ratio and photovoltaic area vary significantly with both the evaporator and

condenser temperatures.

For example, for a condenser temperature of 313 K, the tank volume, according to Eq. (12), is
2.6 m*/kWhe and 0.7 m*/kWhe for evaporator temperatures of 250 K and 283 K respectively.
This is explained because the specific volume of the refrigerant in the state of saturated steam for
a temperature of 283 K is 0.2 m*/kg; while for a temperature of 250 K is 0.7 m’/kg. The higher

the evaporator temperature, the lower the tank volume is.

As shown in Figs 9, 10 and 11, the required refrigerant mass varies between 3.44 kg/kWhc and
3.83 kg/kWhe, increasing very slightly when the condenser temperature increases and the
evaporator temperature decreases. For instance, for the same condenser temperature of 313 K, the
required refrigerant mass are 3.8 kg/kWhce and 3.7 kg/kWhc for evaporator temperatures of 250
K and 283 K respectively.

According to Eq. (13), the pressure to be supported by the tank is proportional to the refrigerant
vapour pressure at the evaporator outlet depending on the evaporator temperature. For example,
the tank must withstand a minimum pressure of 918 kPa for an evaporator temperature of 283 K,
529 kPa for 268 K and 247 kPa for 250 K. The lower the evaporator temperature, the lower the

maximum pressure the tank must withstand.

The required auxiliary pump power of Installation 1, P, is less than 2 W/kWhc and the size of the
auxiliary battery Epgyy 15 less than 3 Wh/kWhc according to Egs. (3) and (4), for a refrigerant
flow rate of 1 g/s and a gauge height of 1.8 mwc. That is why it has been despised in the

comparative analysis.

Figs. 12, 13 and 14 show the evolution of the battery energy capacity, £, the energy to be supplied
by the solar field, E,,,, and energy efficiency ratio, EER,, of Installation 2 as a function of the

condenser temperature for three evaporator temperatures, 283 K, 268 K and 250 K respectively.
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Fig. 12. Battery energy capacity, PV array energy, and energy efficiency ratio for installation
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Fig. 13. Battery energy capacity, PV array energy, and energy efficiency ratio for installation
2 depending on the condenser temperature for an evaporator temperature of 268 K.
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Fig. 14. Battery energy capacity, PV array energy, and energy efficiency ratio for installation
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According to figures 12, 13 and 14, the battery energy capacity E) increases almost linearly as the
condenser temperature increases and the evaporator temperature decreases. For instance, for an
evaporator temperature of 283 K, the size of the required battery is 51 Wh/kWhc for a condenser
temperature of 288 K and 341 Wh/kWhc for a condenser temperature of 313 K. For an evaporator
temperature of 250 K, and condenser temperatures of 288 K and 313 K the respective sizes are

505 Wh/kWhc and 932 Wh/kWhe.

Fig. 15 shows the required PV array area for both installations as a function of the condenser

temperature for the three evaporator temperatures, 283 K, 268 K and 250 K.



0.0 T T T T

288 290 292 294 296 298 300 302 304 306 308 310 312
T(IOND (K)

—0-APV1_Tev250K —#-APV1_Tev268K —4—APV1_Tev283K

-O- APV2_Tev250K -0+ APV2_Tev268K -4 APV2_Tev283K

Fig. 15. Required PV array area for installations 1 and 2, as a function of condenser
temperature for three evaporator temperatures.

The required PV area for installation 2 (4,.,) is slightly higher than the required PV area for
installation 1 (4,,/) due mainly to the battery inefficiencies in the charging and discharging
processes. The required PV area depends very strongly on the condenser and evaporator
temperatures. These temperatures affect directly the cycle efficiency and therefore the electric
energy required by the compressor. For a condenser temperature of 313 K and for evaporator
temperatures of 250 K and 288 K, the required PV array areas (4,,,) are 0,72 m?/ kWhe and 0,23
m?*/kWhc respectively for Installation 1, while the required PV array area (4 n2) are 1,24 m?*/ kWhe
and 0,41 m*/kWhc respectively for Installation 2. When the condenser temperature decreases, the
required PV array area decreases. For instance, for a condenser temperature of 288 K, and
evaporator temperatures of 250 K and 283 K, the required areas for Installation 1 are 0,38 m?/

kWhc and 0,04 m* kWhe respectively.

Fig. 16 shows the results of the total cost ratio, C,,/C,;, of both installations according to Egs. (10)
and (11) for the three evaporator temperatures considered 283 K, 268 K and 250 K and two
condenser temperatures, 313 K y 293 K and a PV array cost of 1,5 €/Wp. (240 €/m?).
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Fig 16. Total cost ratio, C,»/Cy;, for two condenser temperatures, 293 K (left side) and 313 K (right
side), and three evaporator temperature, 283 K (row 1), 268 K (row 2) and 250 K (row 3), for an
PV array cost of 1,5 €/Wp. The grey plane indicates both installations have the same costs.

According to Fig. 16, the total costs of Installation 1 tend to be lower than those for Installation 2
as the price of the tank decreases and the price of the battery increases, in all cases. As the
temperature of the evaporator decreases and the temperature of the condenser increases, the

Installation 1 presents less total cost than Installation 2.



For air-conditioning applications with a 7, of 283 K and for condenser temperature of 293 K, with
battery cost higher than 600 €/kWh and tank cost lower than 200 €/m’, Installation 1 has lower
total cost than Installation 2. For a condenser temperature of 313 K, the total cost of Installation

1 is lower when the tank cost (in €/m?) is similar to or lower than the battery cost (in €/kWh).

For food preservation applications, with a 7, of 268 K and a condenser temperature of 293 K,
with a battery cost higher than 400 €/kWh and tank cost lower than 200 €/m’, Installation 1 has
lower total cost than Installation 2. As in the previous case, for a condenser temperature of 313
K, the total cost of Installation 1 is lower when the tank cost (in €/m’) is similar to or lower than

the battery cost (in €/kWh).

For freezing applications, with a 7, of 250 K and a condenser temperature of 293 K, with a battery
cost higher than 350 €/kWh and a tank cost lower than 300 €/m’, Installation 1 has lower total
cost than Installation 2. For a condenser temperature of 313 K, the total cost of Installation 1 is

lower when the tank cost (in €/m?) is lower than 90% of the battery cost (in €/kWh).

Fig. 17 shows the influence of the PV array cost for different tank cost (P;) and a battery cost of
250 €/kWh in the cost ratio Cy,/Cy;, for an evaporator temperature of 283 K.
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Fig. 17. Influence of the PV array cost in the total cost ratio for different tank costs and a battery

cost of 250 €/kWh.

Fig. 18 shows the cost ratio C,,/C,; for a tank cost of 400 €/m’ depending on the price of the PV

array and different battery prices (P5) for an evaporator temperature of 283 K.
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Fig. 18. Influence of the PV array cost in the total cost ratio for different battery cost and a tank

cost of 400 €/kWh.

As shown Fig. 17 and 18, the cost ratio C,,/C,; increases when the cost of the PV array increases,

but the influence of the PV array cost decreases as the battery and tank prices increase.
6. Conclusions

A novel storage system for stand-alone photovoltaic cooling installations has been described and
analysed. This system is based on the use of a thermally insulated storage tank with ammonia in
saturated mixture phase integrated into the vapour-compression cooling cycle. The tank volume

and its maximum pressure have been determined, getting acceptable values.

The proposed installation is an economically viable alternative to the use of batteries for a wide
range of evaporator and condenser temperatures and tank and battery costs. The installation would
be economically viable in hot climates where the condenser temperature is high and for
applications of food refrigeration and freezing where the evaporator temperature is low. The PV

array cost does not have a significant influence on the results.

The practical feasibility of the proposed installation requires solving technological aspects of
direct control between the heat pump and the PV array and internal control of the heat pump
according to the operating modes proposed. This installation could pave the way for an alternative
to energy storage in batteries for stand-alone photovoltaic cooling applications. It is likely suitable

for remote villages where the grid is not available.
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