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Abstract—This paper presents a case study involving the de-

sign and energy saving analysis of an off-grid solar photovol-

taic driven drinking fountain with battery storage. A dynamic 

simulation in TRNSYS software is performed to model and 

evaluate the transient processes occurring in this renewable 

system. A sensitivity analysis of the main design parameters, 

power generation capacity and electric storage capacity, was 

performed in order to optimize the scheme. The case study was 

carried out at Federal Institute of Education, Science and 

Technology of Bahia in Salvador, in the northeast of Brazil. 

The temperature profiles and electrical energy flows of the op-

timized system are investigated by means of a daily, weekly and 

yearly analysis. The outcomes achieved show that the opti-

mized system showed a 33.3% increase in thermal efficiency 

and 15.1 % increase in the global efficiency in relation to the 

base case. This system was able to produce 5932.7 L of chilled 

water per year and a 65626.8 Wh reduction of primary energy 

consumption per year. This study can be applied to universi-

ties, schools or places with large flow of people. 

Index Term—solar photovoltaic; renewable energy; solar 

cooling; sensitivity analysis; dynamic simulation. 
 

I.  INTRODUCTION 

ndustrialization, population increase and consumer hab-

its are the main factors responsible for the growth in 

world energy demand and everything indicates that this 

will continue to grow in the future. In this century, it has 

doubles every 14.5 years [1,2]. This increase contributes to 

the rapid reduction of fossil fuels and has negative environ-

mental effects (pollution, global warming, depletion of the 

ozone layer etc.), leading to the need for studies, investment 

and expansion in sources of clean and renewable energy [3–

5]. 

In this context, solar energy has the highest potential com-

pared to other renewable energy sources since the sun is an 

unlimited source of energy for the planet Earth.  
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Approximately four million exajoules per year of solar 

energy reaches the earth, of which 5 x 104 EJ can be easily 

harvestable [6]. Solar energy technologies can be divided 

into passive (direct, indirect or isolated solar gain) and active 

(photovoltaic, solar thermal and concentrated solar power) 

in which Photovoltaic (PV) technologies are the most wide-

spread. 

This is because PV technology is simple to design and in-

stall, offers minimal maintenance, has a low operational 

cost, besides being non-pollutant, reducing global warming 

and falling in installation price in recent years [7–10] . How-

ever, this technology cannot provide electricity continuously 

during all hours of a day due the intermittency of solar radi-

ation, requiring the use of energy storage systems [11]. 

For power system applications, lead-acid batteries are the 

most widely used energy storage technology compared to 

other energy storage systems such as flywheel storage, su-

percapacitor storage, thermal energy storage, compressed air 

energy storage etc [12,13]. This is because lead-acid batter-

ies have a low cost ($300–600/kWh), high efficiency (65–

80%) and can supply power on demand without delay 

[14,15]. Battery storage systems accept co-generated and/or 

third-party power and can respond very rapidly to a shift in 

the load, improving the system stability and bringing bene-

fits to the electricity utility, since stability problems in the 

grid network may occur due the intermittent nature of re-

newable energies [16,17]. 

PV technologies can have many applications, one of 

which is solar PV cooling systems [18]. These systems con-

sist mainly of electronics of regulation (battery, inverter for 

example), photovoltaic modules and an electrical refrigera-

tion device, in which vapor compression cooling systems is 

the most widespread technology in the air conditioning and 

refrigeration market [19–22]. The advantages of using these 

systems lie in the fact that they can achieve a high overall 

efficiency and substantial energy savings, since air-condi-

tioning and refrigeration processes consume approximately 

15% of all the electrical energy produced worldwide, ac-

cording to The International Institute of Refrigeration in 

Paris [23–25].  

To evaluate solar PV cooling systems, many papers have 

been published on several aspects and from various perspec-

tives. However, the main investigated application is in the 

field of HVAC systems. Liu et al. [26] conducted an analysis 

in the working principle of quasi grid-connected energy-sav-

ing technology. They carried out experimental tests using a 

conventional air conditioner and an economic analysis to in-

vestigate the principle and composition of an air conditioner 

driven by a quasi-grid-connected PV system. The results 

showed that the system studied can conserve more than 

67%-77% of grid electricity, the EER value can be 4.6 times 
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higher than that of a conventional air conditioner and paying 

back the cost can take 4.5 years if the system is used in large 

establishments such as supermarkets or restaurants. 

Goldsworthy [27] carried out a detailed simulation model to 

analyze the capability of an off-grid PV battery driven air-

conditioner system to provide occupant comfort for different 

building thermal designs for 69 climate zones across Aus-

tralia. The obtained results showed that 100% comfort can 

be obtained for certain building and climate combinations, 

with a modest size system. Li et al. [28] analyze the opera-

tional performance of a grid-connected photovoltaic-pow-

ered central chiller system for an office building in South 

China. The operation characteristics were analyzed in terms 

of net solar fraction (NSF), solar fraction (SF) and surplus 

energy ratio (SER) and the yearly average values obtained 

were 104.5%, 51.62% and 52.72% respectively. In an exper-

imental study of an office building in Alicante (Spain), 

Aguilar et al. [29] investigated an air conditioning unit sim-

ultaneously powered by the grid and solar panels without the 

use of batteries or inverter regulators. The experimental re-

sults show that the average EER and average COP of the 

system is around 14 and 9, and the solar contribution of PV 

panels is about 65% and 50% in the summer months and 

heating mode, respectively. Li et al. [30] present an experi-

mental study to evaluate the operation performance of a so-

lar photovoltaic air conditioner for the typical hot summer 

and cold winter conditions of China. The system can be in-

stalled in office buildings or in residential buildings and can 

be applied as stand-alone or grid-connected. The results 

showed that, for these weather conditions, the system can 

meet the cooling/heating load at different peak times. Chen 

et al. [31] conducted  research into a design method for a PV 

direct-drive air conditioning system for an office building in 

hot-humid regions. The authors also investigated the cooling 

performance of the system through experimental tests. They 

concluded that the power generation capacity of the system 

can be self-sufficient, without the grid supplement. Novaes 

Pires Leite et al. [32] carried out economic viability anal-

yses, through a mathematical model, considering the inte-

gration between solar photovoltaic systems and air-condi-

tioning. Variable refrigerant flow systems and chiller sys-

tems were analyzed, with irradiation and temperature at var-

ious levels, in Recife and São Paulo in Brazil. A sensitivity 

analysis, using the SOBOL method, of the Internal Rate of 

Return, IRR, Payback Period, PBP, and Net Present Value, 

NPV, was performed for the case studies. The obtained re-

sults showed high values of IRR and NPV and low values 

for PBP, indicating the great viability of the implementation 

of HVAC systems with solar PV energy. 

From the previous literature review, it can be noted that 

there is no study into a vapor compression cooling system 

applied to an off-grid solar PV driven drinking fountain with 

battery storage, and this paper addresses this gap to provide 

a design analysis, through a case study, of such a system. A 

dynamic simulation in TRNSYS software is performed to 

model and evaluate the transient processes occurring in this 

renewable system. Then, a sensitivity analysis is made in or-

der to assess the performance and provide an optimization 

of the studied system. 

The case study was carried out at the Federal Institute of 

Education, Science and Technology of Bahia in Salvador, in 

the northeast of Brazil, where there is an Internal Environ-

mental Sustainability Commission (CISA), made up of stu-

dents, teachers and administrative technicians, who promote 

and disseminate actions and projects promoting environ-

mental sustainability. The off-grid solar photovoltaic driven 

drinking fountain with battery storage was implemented on 

site to reduce the cost of electricity generation and green-

house gas emissions.  

The outcomes achieved in this paper can be useful in 

providing a detailed study on a renewable energy system for 

application at universities, schools or in places where there 

is a large circulation of people. 

II.  SYSTEM CONFIGURATION 

The system is made up of a power loop, a thermal loop 

and controllers, which are the link between the two subsys-

tems. The system scheme is shown in Fig. 1. 

 

 

Fig. 1. General description of the off grid renewable system. 

Nomenclature  

A area, 𝑚2 

𝐶𝑝𝑓 fluid specific heat, kJ/kg.K 

e open circuit voltages, V 

E Energy, Wh 

F fractional state of charge, - 

g coefficients of H in voltage-current-state of charge, formulas, V 

G radiation incident on PV array, 𝑊/𝑚2 

H complement to 1 of fractional state of charge, - 

h heat transfer coefficient, - 

I solar irradiance or electric current, 𝑊/𝑚2 or A 

k Boltzmann constant, J/K 

m cell-type parameter for shapes of the battery I-V-Q characteris-

tics or mass flow, - or kg/hr 

N number, - 

P electrical power, W 

PE primary energy, Wh 
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A.  Power Loop 

The power loop is made up of photovoltaic modules, a 

regulator and a battery bank. The power is generated by two 

photovoltaic modules, 140 Wp each one, connected in par-

allel. This power is driven to a regulator which is responsible 

for conducting the electric load and the charge or discharge 

of the battery. The battery bank consists of two lead-acid 

batteries of 170Ah and 12 V each, and these are responsible 

for supplying the power supply when the power generated 

by the photovoltaic modules is not enough or not possible. 

The electric load is composed of the power required by 

the thermal loop, 148 W. This power is set by a schedule that 

establishes that its operation can only be between 7am and 

9pm on weekdays and from 7am to 12am on Saturdays. At 

any other time, the thermal loop is off. Any remaining power 

is stored in the batteries, if necessary, it is used, or not. 

 

PES primary energy saving, Wh 

q Electron charge constant, - 

Q battery electrical charge or thermal energy, Wh or kW/h 

r internal resistance, Ω 

R resistance, Ω 

SOC battery's state of charge, - 

T temperature,℃ or K 

t time, h 

UA overall loss coefficient, kW/hr 

V Voltage, V 

  

Greek symbols 

Δ difference 

𝛾    Empirical PV curve-fitting parameter 

𝜀 Semiconductor 

𝜂 efficiency 

𝜇 Temperature coefficient [A/K] 

  

Subscripts and superscripts 

aux requested 

ave Average 

B batteries 

  

c Module 

CHA  charging 

chill chill 

COP  coefficient of performance 

D  excess energy, energy not consumed 

DIS discharge  

el electrical  

env referred to surroundings 

final  at the end of the timestep 

fluid fluid stream 

G referred to electrical grid 

HL high limit, when battery charging 

htr auxiliary cooler 

hx referred to heat exchanger  

i inner 

in input 

initial at the beginning of the timestep 

isc short-circuit current 

L demanded by load 

LI limit, above which battery can begin to discharge after being 

charged 

LM Module photocurrent   

LO low limit, when battery discharging 

loss losses 

m maximum capacity of the battery 

max maximum 

mod referred to photovoltaic modules 

Mp at maximum power point along IV curve 

n effective 

NO node 

O Diode reverse saturation 

oc Open-circuit 

ou outer 

out output 

qc  full charge when charging  

qd full charge when discharging 

Ref  at reference conditions 

S Module series 

SC Short-circuit 

set  Setpoint 

Tank referred to storage tank 

Tot Total 

voc open-circuit voltage 

wt tube wall 

  

Abbreviations and acronyms 

AI           referred to the renewable energy installation 

PS proposed system 

PV  Photovoltaic 

SS  Standard system 
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B.  Thermal Loop 

The storage tank has a capacity of 100 L and is fed with 

two flow streams. One flow stream consists of the R134a 

refrigerant, which is sent to the heat exchanger inside the 

tank by means of a cooler/pump system with a flow rate of 

4.8 L/h.  The other flow stream consists of the tap-water con-

sumption, temperature according to the dew point, sent to 

the tank by a flow controller. The tank is also connected to 

a thermostat, which regulates the water outlet temperature to 

the user at between 10℃ and 14℃. 

C.  Controllers 

The controllers are the link between the Power loop and 

the Thermal loop. The controller ON/OFF is responsible for 

ensuring that the system is off grid. To do this, the controller 

establishes that the electricity supply is provided only by 

power from the photovoltaic array and/or power from the 

batteries, without interference from the power grid. The con-

troller ON/OFF1 is responsible for deciding when to turn the 

thermal loop on or off. This operation depends on the re-

sponse of the controller ON/OFF and the thermostat.  

The thermal loop is therefore powered only when two 

conditions are met. The first condition is that electricity sup-

ply must come directly from the photovoltaic modules 

and/or from battery bank, and the second condition is that 

tank water outlet temperature must be above 14℃. The sys-

tem control strategy is shown in Fig. 2. 

III.  SIMULATION MODEL 

All dynamic simulations were performed in TRNSYS 

(Transient System Simulation), such as the unification of the 

subsystems shown in section 2. TRNSYS software is a dy-

namic simulation tool that includes a library of built-in com-

ponents (HVAC, Electrical, Thermal Storage) often vali-

dated by experimental data. 

The dynamic simulation can locate possible mistakes in 

the preliminary system design and consequently perform the 

optimization of the parameters and components in order to 

find the best configuration for the proposed system. To per-

form the dynamic simulation project, shown in Figure 3, log-

ical and physical connections (power, temperature, mass 

flow...) are created through the links between the compo-

nents (all the components were taken from the software li-

brary, shown in Table I. For sake of brevity, only the main 

system components are described below. 

TABLE II. COMPONENTS SIMULATED IN TRNSYS 

 

 

 

 

 

 

 

 

A.  Sola Photovoltaic Model 

Type 94a models the electrical performance of a poly-

crystalline PV modules, by means of a “four-parameter” 

equivalent circuit model [33]. This equivalent circuit model 

is determined using manufactures’ values to find the PV per-

formance at each timestep Module photocurrent at reference 

conditions (𝐼𝐿,𝑟𝑒𝑓), Diode reverse saturation current at refer-

ence conditions (𝐼𝑂,𝑟𝑒𝑓), Empirical PV curve-fitting param-

eter (𝛾) and Module series resistance (𝑅𝑆)  are the “four pa-

rameter” model, which assumes that the slope of the IV 

curve is zero at the short-circuit condition. These parameters 

are calculated as follows:  

The current-voltage equation:  

𝐼 = 𝐼𝐿𝑀 − 𝐼𝑂 [exp (
𝑞

𝛾𝑘𝑇𝑐
(𝑉 + 𝐼𝑅𝑆)) − 1] (1) 

The photocurrent 𝐼𝐿 equation:  

𝐼𝐿𝑀 = 𝐼𝐿𝑀,𝑟𝑒𝑓
𝐺𝑇𝑜𝑡

𝐺𝑇𝑜𝑡,𝑟𝑒𝑓
 (2) 

 The diode reverse saturation current,𝐼𝑂: 

𝐼𝑂

𝐼𝑜,𝑟𝑒𝑓
= (

𝑇𝑐

𝑇𝑐,𝑟𝑒𝑓
)

3

  (3) 

From equations 1, 2 and 3 𝐼𝐿𝑀 and 𝐼𝑂 are found. After that, 

the PV current is calculated from Newton’s method. The 

Current and Voltage at maximum power point along IV 

curve, 𝐼𝑚𝑝 and 𝑉𝑚𝑝 respectively, are found by an iterative 

search routine.  

Considering some rearrangement and substituting the cur-

rent and voltage at the open-circuit, short circuit, and maxi-

mum power conditions into equation 2,  𝐼𝐿𝑀,𝑟𝑒𝑓, 𝐼𝑂,𝑟𝑒𝑓 and 𝛾 

are isolated by the following three expressions:  

𝐼𝐿𝑀,𝑟𝑒𝑓 ≈ 𝐼𝑠𝑐,𝑟𝑒𝑓     (4)  

𝛾 =
𝑞(𝑉𝑚𝑝,𝑟𝑒𝑓−𝑉𝑜𝑐,𝑟𝑒𝑓+𝐼𝑚𝑝,𝑟𝑒𝑓𝑅𝑆)

𝑘𝑇𝑐,𝑟𝑒𝑓 ln(1−
𝐼𝑚𝑝,𝑟𝑒𝑓

𝐼𝑠𝑐,𝑟𝑒𝑓
)

   (5) 

𝐼𝑜,𝑟𝑒𝑓 =
𝐼𝑠𝑐,𝑟𝑒𝑓

exp(
𝑞𝑉𝑜𝑐,𝑟𝑒𝑓

𝛾𝑘𝑇𝑐,𝑟𝑒𝑓
)

     (6)  

The analytical derivative of voltage with respect to tem-

perature at the reference open-circuit condition is used to 

find an additional equation to determine the last unknown 

parameter:  

𝜕𝑉𝑜𝑐

𝜕𝑇𝑐
= 𝜇𝑣𝑜𝑐 =

𝛾𝑘

𝑞
[ln (

𝐼𝑠𝑐,𝑟𝑒𝑓

𝐼𝑜,𝑟𝑒𝑓
) +

𝑇𝑐𝜇𝑖𝑠𝑐

𝐼𝑠𝑐,𝑟𝑒𝑓
− (3 +

𝑞𝜀
𝛾

𝑁𝑠
𝑘𝑇𝑐,𝑟𝑒𝑓

)]  

 (7) 

Finally, the equivalent circuit characteristics are calcu-

lated using an iterative search routine in these four equations 

[34]. 

B.  Regulator Model 

The component modelled in here is the regulator, which 

is a power conditioning device that distributes DC power 

from the solar photovoltaic array to and from a battery. Type 

48 works with type 47, monitoring the battery's State Of 

Charge, 𝑆𝑂𝐶. To do this, the 𝑆𝑂𝐶 is tested against several 

parameters [35].  

Components Type 

Weather data 15-6 

PV array 94a 

Regulator 48 

Battery 47 

Schedule 41c and 14h 

Cooler 92 

Pump 114 

Tank 534 

Controller 2 

Water Consumption 14b 
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Fig. 2. System operating strategies. 

 

 

Fig. 3. Full project created in TRNSYS 

 

Firstly, if the high limit on state of charge, 𝑆𝑂𝐶𝐻𝐿 , is 

greater than the state of charge the battery can discharge 

(when the power from solar photovoltaic array, 𝑃𝑃𝑉, is lower 

than power demanded by load, 𝑃𝐿), or be charged (when 𝑃𝑃𝑉 

is greater than 𝑃𝐿). It is also determined if the state of charge 

is lower than the limit on the stage of charge, 𝑆𝑂𝐶𝐿𝐼, above 

which the battery can begin to discharge after being charged. 

If these two conditions are met, the battery is on "total 

charge". In this status, any array output is devoted to re-

charging the battery, as first priority, instead of sending the 

output to the power load until 𝑆𝑂𝐶  is greater than 𝑆𝑂𝐶𝐿𝐼. 

By setting the low limit on state of charge when battery is 

discharging, 𝑆𝑂𝐶𝐿𝑂, greater than 𝑆𝑂𝐶𝐿𝐼, any array output is 

given to meet the power load, as first priority. If 𝑆𝑂𝐶𝐿𝐼  is 

lower than 𝑆𝑂𝐶 or the battery is discharging, the battery 

bank can discharge (when 𝑃𝑃𝑉  is lower than 𝑃𝐿), or be par-

tially charged (when 𝑃𝑃𝑉 is greater than 𝑃𝐿). Finally, to en-

sure that 𝑆𝑂𝐶𝐿𝑂 is lower than 𝑆𝑂𝐶 a check is made, and if 

𝑆𝑂𝐶𝐿𝑂 is greater than 𝑆𝑂𝐶 no further discharging is allowed. 

The regulator control strategy described, is shown in Fig. 2 

[34].  
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C.  Battery Model 

This component models a lead-acid storage battery that 

operates in conjunction with the PV array and the regulator. 

Given the rate of charge or discharge, this model describes 

what the variation of the battery state of charge is. The math-

ematic model of the battery is based on Shepherd equations, 

which describe the battery discharge or charge[35]. The for-

mula of the battery discharge (I < 0) is given by  

𝑉 = 𝑒𝑞𝑑 − 𝑔𝐷𝐼𝑆𝐻 + 𝐼𝑟𝑞𝑑(1 +
𝑚𝐷𝐼𝑆𝐻

𝑄𝐷𝐼𝑆
𝑄𝑚

−𝐻
)    (8) 

And the formula of the battery charge (I > 0) is given by: 

 

𝑉 = 𝑒𝑞𝑐 − 𝑔𝐶𝐻𝐴𝐻 + 𝐼𝑟𝑞𝑐(1 +
𝑚𝐶𝐻𝐴𝐻

𝑄𝐶𝐻𝐴
𝑄𝑚

−𝐻
) (9) 

A null value of current is never set by the regulator, which 

works connected to the battery. Rather, when discharge or 

charge is not allowed by the conditions at cutoff voltage and 

on fractional state of charge, when battery is discharg-

ing/charging, the regulator grants the current some small 

negative or positive value, depending on what would be the 

desired conditions (discharging or charging), if permitted. 

In order to extend the battery life, the voltage values of 

maximum charging and minimum discharging voltages are 

limited. The value at which appreciable gassing of the 

battery electrolyte initiates must be higher than the maxi-

mum charge voltage limit [34]. While, the cutoff voltage on 

discharge,𝑉𝐷𝐼𝑆, is given by:  

𝑉𝐷𝐼𝑆 = 𝑒𝐷𝐼𝑆 − |𝐼|𝑟𝐷𝐼𝑆    (10) 

Ultimately, the variation in the battery charge is given by: 

𝑑𝑄

𝑑𝑡
= {

𝐼            𝑖𝑓 𝐼 < 0
 𝐼. 𝜂𝐶𝐻𝐴      𝑖𝑓 𝐼 > 0 

}     (11) 

 

D.  Cooler Model 

Type 92 models a cooler that works by removing heat 

from the R134a flow rate at a determined maximum cooling 

rate,𝑄𝑚𝑎𝑥, whenever the set temperature, 𝑇𝑠𝑒𝑡, is lower than 

cooling unit outlet temperature and the external control sig-

nal,𝐶𝑠, is equal to 1. 

If the fluid inlet temperature,𝑇𝑖𝑛, is higher than or equal 

to 𝑇𝑠𝑒𝑡, inlet fluid mass flow rate,𝑚̇𝑖,  is higher than zero or 

𝐶𝑠 is equal to one, an energy balance is achieved as follows: 

The fluid outlet temperature,𝑇𝑜𝑢𝑡, is calculated from: 

𝑇𝑜𝑢𝑡=

𝑄̇𝑚𝑎𝑥𝜂ℎ𝑡𝑟+𝑚̇𝐶𝑝𝑓𝑇𝑖𝑛+𝑈𝐴𝑇𝑒𝑛𝑣−
𝑈𝐴𝑇𝑖𝑛

2

𝑚̇𝐶𝑝𝑓+
𝑈𝐴

2

     (12) 

𝑚̇𝑜𝑢𝑡 = 𝑚̇𝑖𝑛 = 𝑚̇; 𝑄̇𝑎𝑢𝑥 = 𝑄̇𝑚𝑎𝑥 

 

 
 

Fig. 4. Regulator control strategy. 

 

 

The rate of heat removal from the fluid stream, 𝑄̇𝑓𝑙𝑢𝑖𝑑 , 

and the rate of thermal loss from the cooler to the environ-

ment,𝑄̇𝑙𝑜𝑠𝑠, is calculated from equations 13 and 14, respec-

tively:  

𝑄̇𝑓𝑙𝑢𝑖𝑑 = 𝑚̇𝑜𝑢𝑡𝐶𝑝𝑓(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡)   (13) 

𝑄̇𝑙𝑜𝑠𝑠 = 𝑈𝐴 (
𝑇𝑜𝑢𝑡+𝑇𝑖𝑛

2
− 𝑇𝑒𝑛𝑣) + (1 − 𝜂ℎ𝑡𝑟)𝑄̇𝑚𝑎𝑥     (14) 

Finally, 𝑇𝑂 becomes 𝑇𝑠𝑒𝑡 in equations 13 and 14 if the 

fluid outlet temperature is lower than the set temperature 

[34]. From this, the required cooling rate is calculated from:  

𝑄̇𝑎𝑢𝑥 =
𝑚̇ 𝐶𝑝𝑓(𝑇𝑠𝑒𝑡 −𝑇𝑖𝑛)+𝑈𝐴(

𝑇𝑠𝑒𝑡+𝑇𝑖𝑛
2

−𝑇𝑒𝑛𝑣)

𝜂ℎ𝑡𝑟
        (15) 

E.  Tank Model 

Type 534 models a constant volume stratified storage 

tank with an immersed heat exchanger. In this component 

the water within the tank interacts with the R134a refrigerant 

in the heat exchanger, with the environment and with one 

flow stream that enters the storage tank. To model stratifica-

tion the tank is divided into isothermal temperature constant 
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volume node. In this storage tank, heat can be transferred 

into and out through two unique flow streams [36]. The stor-

age fluid mixes with one of the fluid streams, while through 

an immersed heat exchanger, the another fluid stream trans-

fers heat to or from the storage tank [37]. The differential 

equations that represent this system are given by: 

𝑑𝑇𝑡𝑎𝑛𝑘

𝑑𝑡
=

(𝑄𝑖𝑛,𝑡𝑎𝑛𝑘−𝑄𝑜𝑢𝑡,𝑡𝑎𝑛𝑘)

𝐶𝑡𝑎𝑛𝑘
 (16) 

𝑑𝑇ℎ𝑥

𝑑𝑡
=

(𝑄𝑖𝑛,ℎ𝑥−𝑄𝑜𝑢𝑡,ℎ𝑥)

𝐶ℎ𝑥
   (17) 

 

An approximate analytical solution was the method cho-

sen to solve the coupled differential equations. To do this, 

the equations are put into the form: 

𝑑𝑇

𝑑𝑡
= 𝑎𝑇 + 𝑏  (18) 

If 𝑏 is not constant, then by assuming that 𝑏 is equal to its 

average value over the timestep and it is also a constant over 

the timestep, a reasonable approximation to the analytical 

solution can be found, since in TRNSYS simulations a small 

timesteps is used (maximum timestep = 1 hour). 

For 𝑎 ≠ 0 at any time:  

𝑇𝑓𝑖𝑛𝑎𝑙 = (𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙 +
𝑏𝑎𝑣𝑒

𝑎
) 𝑒(𝑎∆𝑡) −

𝑏𝑎𝑣𝑒

𝑎
   (19) 

Where 

 𝑏𝑎𝑣𝑒 = 𝑏(𝑇𝑎𝑣𝑒) 

And:  

𝑇𝑎𝑣𝑒 =
1

𝑎∆𝑡
(𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙 +

𝑏𝑎𝑣𝑒

𝑎
) (𝑒(𝑎∆𝑡) − 1) −

𝑏𝑎𝑣𝑒

𝑎
     (20) 

The outer surface of the heat exchanger interacts ther-

mally with the tank fluid through natural convection heat 

transfer. In this case, the overall heat transfer coefficient 

(UA) can be expressed as: 

𝑁

𝑈𝐴
=

1

ℎ𝑜𝑢𝐴𝑜𝑢
+ 𝑅𝑤𝑡 +

1

ℎ𝑖𝐴𝑖
       (21) 

The heat transfer between the heat exchanger node (k) and 

the tank node (j) is calculated as follows: 

𝑄ℎ𝑥,𝑗→𝑘 = 𝑈𝐴𝑗,𝑘(𝑇𝑡𝑎𝑛𝑘,𝑗 − 𝑇ℎ𝑥,𝑘)      (22) 

Besides the heat transfer to the storage tank fluid, there is 

a heat transfer via the fluid flow, 𝑄𝑓𝑙𝑢𝑖𝑑 , through the heat 

exchanger: 

𝑄𝑓𝑙𝑢𝑖𝑑 = 𝑚̇𝐶𝑝𝑓(𝑇ℎ𝑥,𝑘 − 𝑇𝑖𝑛)   (23) 

Finally, also considered in this model are the thermal 

losses to the environment through the top, sides and bottom 

of the storage tank, heat exchange with flowing and stagnant 

fluid in the heat exchanger, conduction between adjacent 

tank nodes, mixing between nodes, due to the load flow 

through the storage tank and eliminating thermal instabilities 

[34]. 

IV.  PERFORMANCE PARAMETERS 

As the main goal of the simulation of the proposed system 

is the optimization of electrical energy generation and stor-

age as a function of the thermal performance. The evaluation 

criterion is based on two efficiency factors, the first is the 

Electric system factor, 𝜂𝑒𝑙, and the other is the Thermal sys-

tem factor, 𝜂𝑡ℎ .  

The Electric system factor is responsible for analyzing 

how efficient the use of electrical energy produced by the 

photovoltaic panels is. This factor is calculated by: 

𝜂𝑒𝑙 = 100 (1 −
𝑃𝐷

𝑃𝑃𝑉
) (24) 

The thermal system factor analyzes the ability of the pro-

posed system to maintain the water temperature for the user 

within the limits required, which is from 10 ℃ to 14 ℃. This 

factor is calculated as follows:  

𝑄𝑛,𝑡𝑎𝑛𝑘 = 𝑚̇𝑡𝑎𝑛𝑘𝐶𝑝𝑓(𝑇𝑜𝑢𝑡,𝑡𝑎𝑛𝑘 − 𝑇𝑠𝑒𝑡,𝑡𝑎𝑛𝑘) (25) 

𝑄𝑎𝑢𝑥,𝑡𝑎𝑛𝑘 = 𝑚̇𝑡𝑎𝑛𝑘𝐶𝑝𝑓(𝑇𝑖𝑛,𝑡𝑎𝑛𝑘 − 𝑇𝑠𝑒𝑡,𝑡𝑎𝑛𝑘) (26) 

𝜂𝑡ℎ = 100 (1 −
𝑄𝑛

𝑄𝑑
)    (27) 

The system global efficiency, 𝜂𝑔𝑙𝑜𝑏𝑎𝑙, is also calculated 

which analyzes the combined effect of 𝜂𝑒𝑙 and  𝜂𝑡ℎ in the 

proposed system, in which the 𝜂𝑡ℎ plays a greater role. This 

factor is given by:  

𝜂𝑔𝑙𝑜𝑏𝑎𝑙 =
(1𝜂𝑒𝑙+2𝜂𝑡ℎ)

3
 (28) 

The proposed system performance is also evaluated in 

terms of energy savings. To do this, a comparison between 

the Proposed System (PS) and the Standard one (SS) is per-

formed.  

The SS consists of an electric drinking fountain for the 

provision of chilled water installed in the same place as the 

PS, with a coefficient of performance in cooling mode 

𝐶𝑂𝑃𝑐ℎ𝑖𝑙𝑙 = 1.7 [38]. An electrical efficiency factor,𝜂𝑒𝑙,𝐺 = 

0.8471 [39], for electric load of the SS, supplied by the na-

tional electric grid is considered.  

To perform a correct energetic comparison, for both PS 

and SS the same water consumption demand pattern is used 

with the same set point of temperature for the user. 

The Primary Energy Saving (PES) achieved by PS with 

regard to SS is given by: 

𝑃𝐸𝑆 =  𝑃𝐸𝑆𝑆 − 𝑃𝐸𝑃𝑆  (29) 

Where PS is an off-grid system, equation 29 can be ex-

pressed as: 

𝑃𝐸𝑆 =  𝑃𝐸𝑆𝑆          (30)  

Where: 

𝑃𝐸𝑆𝑆 =
𝑄𝑡𝑎𝑛𝑘,𝑇𝑜𝑡

𝐶𝑂𝑃𝑐ℎ𝑖𝑙𝑙𝜂𝑒𝑙,𝐺
  (31) 

 

V.  CASE STUDY 

The case study (base case) consists of an off grid solar 

photovoltaic driven vapor compression cooling system im-

plemented at the Institute Federal of Education, Science and 

Technology of Bahia (IFBA) located in Salvador, in the 

northeast of Brazil. This system is designed to supply chilled 

water to students, teachers and staff at IFBA. 

 Meteonorm weather data for Salvador was implemented 
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for the simulation of the climatic conditions and the tap-wa-

ter demand considered in this investigation was measured by 

an Arduino data acquisition system installed in the real re-

newable energy system. In order to build the tap-water con-

sumption demand pattern shown in Figure 5, a weekly aver-

age was made with 1,440 pieces of data collected per day for 

about 2 months. 

The simulations results of the proposed system are highly 

reliable, since all the design and operational parameters of 

the system are taken from manufacturer’s data and/or chosen 

accordingly to literature, taking into account real values and 

aspects of the renewable energy installation. For the sake of 

brevity, only the main system operational parameters are re-

ported in Table II.  

VI.  RESULTS 

The dynamic simulation developed in this paper was per-

formed for the entire year (from 0 h to 8,760 h) with a time 

step of 0.5 h. As mentioned before, the main goal of this 

study is to provide the best design of the proposed system. 

A sensitivity analysis was made in order to evaluate the sys-

tem performance as a function of the main design 

parameters: power generation capacity and electric storage 

capacity. 

After that, the dynamic behavior of the system with the 

best performance is analyzed in terms of temperature pro-

files and electrical energy flows for a representative winter 

and summer day. In order to better present the variation in 

the chosen parameters a weekly and annual basis are also 

adopted.  

A.  Sensitivity Analysis 

In order to improve the base case a sensitivity analysis 

was performed, varying the number of PV modules and bat-

teries to assess the system performance through the effi-

ciency factors of the proposed system: 𝜂𝑒𝑙,  𝜂𝑡ℎ and 𝜂𝑔𝑙𝑜𝑏𝑎𝑙. 

TRNEdit tool of TRNSYS was used to perform this analysis. 

The number of PV modules and batteries ranged from 1 

to 8 for the three efficiency factors as shown in Figures 6,7 

and 8. In this scenario, 𝜂𝑡ℎ and 𝜂𝑒𝑙 behave differently with 

respect to:  1. The variation in the number of PV modules 

and 2. The variation in the number of batteries. 

 

  

Fig. 5. Water consumption demand pattern. 

 

TABLE II.  MAIN OPERATIONAL PARAMETERS 

Parameter Ref  Value Unit Parameter Ref Value Unit  

PV Short-circuit current AI 8.84 𝐴 Rated flow rate of R134a re-

frigerant  

[38] 4.8  𝐿/ℎ𝑟 

PV Open-circuit Voltage AI 22.10 𝑉 Thermostat setpoint tempera-

ture  

AI 12 ℃ 

PV Voltage at max power 

point 

AI 17.76 𝑉 Tank top, edge and bottom 

loss coefficients 

[40] 0.722   W/𝑚2. K 

PV Current at max power 

point 

AI 7.89 𝑉 Hx fluid density [41] 1325.9   𝑘𝑔/𝑚^3 

PV Load Voltage  AI 12 𝑉 Hx fluid thermal conductivity [41] 0.098  𝑊/𝑚. 𝐾 

PV Array Slope  AI 15 ° Hx fluid viscosity [41] 1.1757  𝑘𝑔/𝑚. ℎ𝑟 

Battery Low Limit on SOC  [42] 0.50     - Hx wall thermal conductivity [43] 16.38  W/m. K 

Electric load [38] 148 𝑊 Hx fluid specific heat  [41] 0.363  𝑊ℎ/𝑘𝑔. 𝐾 

Battery Cell energy capac-

ity  

[44] 370 𝑊ℎ Tank height AI 0.4  𝑚 

Cooler Rated Capacity [38] 253 𝑊 Tank volume AI 0.1  𝑚3 

Setpoint temperature of 

R134a refrigerant  

[38] -12 ℃     

Concerning the variation in the number of PV mod-

ules, 𝜂𝑒𝑙 decreases with the increase in the number of PV 

modules because with the fixed electric load an increase in 

the number of PV modules means more power generation, 

but it also means more power wasted. The 𝜂𝑡ℎ  grows with 

the increase in the number of PV modules until the power 

generation becomes sufficient to maintain, in daylight hours, 

the water temperature for the user within the limits required, 

after that, this factor remains constant.  

Regarding the variation in the number of batteries, 𝜂𝑒𝑙 

grows with the increase in the number of batteries, this oc-

curs because more energy is needed to charge a higher num-

ber of batteries. The 𝜂𝑡ℎ  grows with the increase in the num-

ber of batteries until the battery bank reaches its full capacity 
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in maintaining the temperature of the water leaving the tank 

to the user within the limits required, after that, this factor 

remains constant. The exception for this is when the power 

generation is insufficient to maintain this water temperature 

within the required limits at any time. 

It is worth noting that the performance of the system is 

defined by the combined effect of 𝜂𝑒𝑙  and 𝜂𝑡ℎ. For example, 

for the system configuration with 1 photovoltaic module and 

2 batteries, the value of  𝜂𝑒𝑙  is 100%, which means that all 

the power generated by the photovoltaic modules has been 

used. However, when the value of 𝜂𝑡ℎ is 7 %, this means that 

only 7% of the total water consumption remains within the 

required temperature limits.  

In this context, 𝜂𝑔𝑙𝑜𝑏𝑎𝑙 is the efficiency factor that best 

describes the system performance, since this factor consid-

ers the combined effect of the other two factors. Therefore, 

by analyzing the system performance through 𝜂𝑔𝑙𝑜𝑏𝑎𝑙, the 

conclusion is that the best design of the proposed system is 

with 3 photovoltaic modules and 2 batteries. This configu-

ration has the better performance for 𝜂𝑔𝑙𝑜𝑏𝑎𝑙, 84.6 %. 

In summary, the results of the sensitivity analysis show 

that the best optimization for the base case is a system design 

with 3 photovoltaic modules and 2 batteries, which repre-

sents a 15.1 % increase in the global system efficiency with 

respect to the base case, whose system configuration is with 

2 photovoltaic modules and 2 batteries with an 𝜂𝑔𝑙𝑜𝑏𝑎𝑙  of 

69.5%. 

B.  Summer Day 

One representative summer day, February 6st (from 888 

h to 912 h), was selected to present the daily summer opera-

tion of the system. In Figures 9 and 10, the temperature and 

electrical power profiles during the chosen day are plotted 

respectively. 

The power loop system starts to operate at approxima-

tively 06:00 a.m. when solar radiation begins to rise. From 

that time on, the battery starts to be charged until the sched-

ule of the thermal loop system is enabled. At the moment 

when the thermal loop is turned on, at 07:00 a.m., the elec-

trical power produced by PV is not enough to match the elec-

tric load of the thermal loop, for this reason the battery bank 

is partially discharged so that the electric load can be com-

pletely supplied. At the same time, the outlet water temper-

ature of the tank is about to 15.4 ℃ due to the tank’s thermal 

insulation. After that, this temperature starts to drop contin-

uously. 

 
Fig. 6. Global efficiency factor. 

 

At approximately 08:45 a.m. the electrical power pro-

duced by PV is enough to fully supply the electric load and 

also begin to charge the battery bank. Thus, from 8:45 am to 

11:00 am, this power keeps rising and is used to cover the 

power required by the thermal loop and the excess is used to 

charge the battery bank.  

 
Fig. 7. Electric efficiency factor. 

 

 
Fig. 8. Thermal efficiency factor. 

 

 
 

Fig. 9. Thermal stratification of the storage tank, on a summer day, 6st 

February (from 888 h to 912 h) 

 

 

 
Fig. 10. Electrical powers, a summer day 6st February (from 888h to 

912h) 

 

C.  Winter Day 

In order to present the daily winter operation provided by 

the simulation of the system, the representative winter day 

of August 2nd (from 5112 h to 5136 h) was selected. In Fig-

ures 11 and 12, the temperature and electrical power profiles 

over the chosen day are plotted respectively. The system op-

eration on the winter day behaves in 4 different ways. 

The first operation mode of the system occurs between 

06:00 a.m. and 7:00 a.m. When solar radiation begins to rise, 

at approximatively 06:00 a.m., the power loop system starts 

to operate. During this time, all the PV power output is used 

to charge the battery bank.  
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Fig. 11. Thermal stratification of the storage tank, a winter day 2nd Au-

gust (from 5112 h to 5136 h). 

 

The first operation mode of the system occurs between 

06:00 a.m. and 7:00 a.m. When solar radiation begins to rise, 

at approximatively 06:00 a.m., the power loop system starts 

to operate. During this time, all the PV power output is used 

to charge the battery bank.  

 

 
Fig. 12. Electrical powers, a winter day 2nd August (from 5112h to 

5136h). 
 

The second operation mode begins at 07:00 a.m., when 

the schedule of the thermal loop is enabled and the temper-

ature of the water leaving the tank to the user is about 14.4 

℃, turning the thermal loop on, and ends at 11:00 a.m. when 

this same temperature reaches the lower dead band temper-

ature, 10 ℃, turning the thermal loop off. During this time, 

the electric load of the thermal loop is matched by the elec-

trical power produced by the PV and the battery bank, due 

to the low solar radiation. 

The third operation mode begins at 11:00 a.m. and ends 

at 5:30 p.m. when the PV power output drops to zero. During 

this time, all the power produced by PV is used to charge the 

battery bank, since the thermal loop is off, and outlet water 

temperature of the tank is continuously increasing. 

At approximately 6:00 p.m. the thermal loop is turned on 

again. From that time until 8:50 p.m., the power required by 

the thermal loop is fully supplied by the battery bank. At 

8:50 p.m. the thermal loop is turned off since the tempera-

ture of the water leaving the tank to the user reaches the 

lower dead band temperature, 10 ℃. This operation mode is 

the last for the system on this representative winter day. At 

9:00 p.m. the schedule of the thermal loop is disabled. 

D.  Weekly Analysis 

A weekly integration was carried out to analyze the sys-

tem performance over the year, through the system effi-

ciency factors and electrical energies of the main system 

components presented, respectively, in Figures 13 and 14.   

In Figure 14, the difference in behavior of electrical ener-

gies in the winter and summer weeks of the proposed system 

is shown. The energy produced by the PV is about 6.8% 

lower in winter weeks than in summer weeks, due to the 

lower incidence of total solar radiation for the same period. 

Consequently, the energy self-consumed by the system is 

4% more supplied by the battery bank and the excess energy 

of the system is 12.2% lower in the winter weeks than in the 

summer weeks for both. 

 

 
Fig. 13. System efficiency factors, weekly analysis between 1st and 52nd 

week of the year. 

 

The electrical system factor grows significantly in winter 

weeks also because the difference in PV electric energy pro-

duction between these weeks and summer ones. The thermal 

system factor remains almost constant throughout the weeks 

of the year due to the system's capacity to supply the electric 

load, and consequently the temperatures required by the 

thermal system throughout the year. 

E.  Yearly Results 

In this section, the results of the proposed system for an 

annual analysis are listed in Table 3, where efficiency fac-

tors and energy flows of the investigated system are pre-

sented. These results were performed on a year integration 

period (from 0 h to 8760 h). 

The simulation results show that about 42.1% of the PV 

electric energy is consumed by the system, 33.1% is excess 

of energy that is not used because the system is off grid, 

21.2% is used to charge the battery bank and 3.6% is lost 

due to the regulator efficiency. 

 
TABLE III. ELECTRICAL ENERGIES AND SYSTEM EFFICIENCY FACTORS, 

YEARLY RESULTS 

 

 

 

 

 

 

 

 
 

 

As regards the self-consumed energy, about 43.8% is sup-

plied by the battery bank and 56.2% is covered by PV elec-

trical energy. In the winter, the electric energy provided by 

the battery bank is needed in daylight hours for longer, due 

to the low solar radiation in that period.  

The winter season also affects the electric system factor 

as in this period the PV electrical energy is almost fully self-

consumed. Thus, the low performance of this factor is due 

to the large difference in PV electrical energy production be-

tween the winter season and the other ones. As for thermal 

system factor, what this affects is the system schedule. On 

Monday mornings, the water temperature for the user is 

higher than on other days at the same time, due to the 

Parameter  Value  Unit  

𝑬𝒆𝒍,𝑷𝑽 631714.8 Wh/year 

𝑬𝒆𝒍,𝑩,𝑫𝑰𝑺 116350.0 Wh/year 

𝑬𝒆𝒍,𝑫 209311.9 Wh/year 

𝑬𝒆𝒍,𝑳 265649.6 Wh/year 

𝑷𝑬𝑺 65626.8 Wh/year 

𝜼𝒕𝒉 93.4% - 

             𝜼𝒆𝒍   66.8% - 
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weekend when the system is off most of the time. 

Therefore, the performance of this factor does not reach 

100%. However, the proposed system was able to produce 

5932.7 L per year of chilled water.  

The system performance with respect to energy saving 

achieved a 65626.8 Wh reduction per year of primary energy 

consumption. This result is because the proposed system is 

off grid. 

 
Fig. 14. Electrical energies, weekly analysis between 1st and 52nd week of the year. 

 

 

VI.   CONCLUSION 

The dynamic simulation model, using TRNSYS software, 

of a stand-alone solar photovoltaic driven drinking fountain  

with battery storage was designed here. Through a sensitiv-

ity analysis, the performance of the proposed system was an-

alyzed and after that, its key design parameters were im-

proved to provide an optimized system. The case study was 

implemented at the Institute Federal of Education, Science 

and Technology of Bahia, located in Salvador, in the north-

east of Brazil. 

The temperature profiles and electrical energy flows of 

the optimized system were investigated by means of a daily, 

weekly and yearly analysis.  The study was completed with 

an analysis of primary energy saving. 

The results of the dynamic simulation can be summarized 

as follows: 

• The sensitivity analysis showed that best design for 

the system is with 3 photovoltaic modules and 2 bat-

teries.  

• The optimized system showed a 33.3% increase in 

thermal efficiency, achieving 93.41 % in the ability 

of the system to maintain the water temperature for 

the user within the limits required.   

• The optimized system showed a 21.31% decrease in 

electric efficiency due to the large difference in PV 

electrical energy production between the winter sea-

son and the other ones. 

• The optimized system showed a 15.1 % increase in 

the global system efficiency. 

• As regards energy consumed by the optimized sys-

tem, about 43.80% is supplied by the battery bank 

due the winter season.  

• The optimized system achieves a saving of primary 

energy equal to about 65626.8 Wh per year, and was 

able to produce 5932.7 L per year of chilled water. 
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