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Abstract

This study is focused on design and modelling of a novel solar assisted absorption cooling
system for cold storage with banana facility located in Mardan, Pakistan. The system can
be used to store up to 70,000 kg of banana in the temperature range of 14-16 °C. the system
performance analysis is performed for two system configurations with a peak load of 82400
kd/hr. (22.88kW). In configuration-1 (C-1), the fluid returning from the absorption chiller
is always directed towards the stratified hot water storage tank which is connected to the
evacuated tube solar thermal collectors. In configuration-2 (C-2), the fluid returning from
the absorption chiller is diverted to absorption chiller instead of going towards the storage
tank if its temperature is higher than the minimum operating temperature (e.g. 90 °C) of
the absorption chiller. Both systems configurations were modelled in TRNSYS and
simulations were carried out for whole year. Both configurations were optimized for
lowest life cycle cost for 20 years by manipulating parameters (e.g. Solar collector area
and Storage tank volume) affecting initial and operational cost of the system. Results
reveals that C-2 have lowest life cycle cost 6.4 million PKR with optimum parameters of
120.3 m? collector area and 3.95 m? storage tank volume as compared to C-1 which have a
life cycle cost of 28.4 million PKR for optimum parameters of 150 m? collector area and

1.98 m? storage tank volume.

Keywords: Cold storage, Solar absorption cooling, TRNSY'S, Modelling, Optimization.
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Chapter 1: Introduction

1.1 Background

The agriculture sector contributes about 18.9 % in the GDP of Pakistan [1]. Banana is
known as the premier fruit of Pakistan has a foremost effect on the agricultural economy
of Pakistan. It is a leading fruit crop of Pakistan which is mainly cultivated in Sindh
province due to its favorable soil and climatic condition for productive cultivation. The
total portion of Sindh province in cultivation is 87%. It is cultivated on about 34,800
hectares area with a total production of 154,800 tons per year [2].

Due to the perishable nature of fruits and vegetables, industries associated with this
business faces difficulties in postharvest management and marketing. Storage of fresh
fruits and vegetables, after harvest, is one of the most pressing problems for tropical
countries like Pakistan. Due to their high moisture content, vegetables and fruits are liable
to spoil and have a very short life. Hence, preserving these types of fresh foods demands
to be stored in controlled space e.g. temperature, humidity [3]. Cold storages are widely
practiced methods for bulk handling of perishable fruits between production and
marketing.

The banana facility is distinguished from other fruits by the process of ripening and
requires conditions different from other fruits. Bananas must be green at the time of
shipment to market to avoid injury during handling. Green bananas are held at 15°C, while
temperatures below 14°C are to be avoided. When the bananas are to be ripened, the
temperature is first brought up to about 25°C and maintained for some days until it ripens,
and then brought back to 15°C and maintained for 3-5 days for the continuation of the
storage. During the ripening process, the relative humidity level should be kept above 90%
to keep it fresh [4].

Conventional cold storages for banana facilities use grid powered refrigeration system
which are manufactured and installed by local consultants without proper engineering

design and calculations. This inefficient system makes cold storage’s a major consumer



Figure 1.1: Conditioned space of a banana facility cold storage

Figurel.2: Conventional Refrigeration System

of energy among small scale commercial buildings. Fig 1 and 2 shows views of locally

designed reference cold storage system.



Due to the non-availability of grid electricity in rural or remote locations and severe load
shedding especially in summers, sellers are not able to achieve postharvest required
conditions for banana storages which results in poor end quality and small storage period
directly effecting end consumer. Hence, research is needed to find a new renewable energy
solution for cold storage.

1.1.1 Pakistan Energy Scenario

Pakistan is facing a serious energy crisis and most of the less-developed areas are still not
connected to the grid. The Energy supply and demand gap is huge and is widening over
time. The country has very limited fossil fuel resources and needs to import, to fill this
gap [5]. As a result of these power shortages, both urban and rural areas are experiencing
significant load shedding [6]. Fig 3 shows the historical share of energy use in different
sectors of Pakistan. It is clear from the statistics that the domestic and commercial sectors
are the major consumers of energy [7]. In these sectors, electricity is widely used for air
conditioning. Therefore, it is important to reduce the load from electricity by introducing

other renewable energy sources for this purpose.
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1.2 Conventional Cold Storage System

Most of the cold storages use vapor-compression refrigerators to achieve the required
conditions. A refrigeration system mainly consists of three components; 1) The
compressor, in which the refrigerant (mostly Ammonia) is compressed, 2) the condenser,
either water-cooled or air-cooled, in which the hot gas from the compressor is cooled and
condensed to liquid and 3) the evaporator cooling coils, in which the refrigerant is boiled
by absorbing the heat from the storage room. Fans are installed for constant air circulation
and better cooling [8]. These systems are very popular, due to their high coefficients of
performance (COP), small size, and low weight as compared to other cooling systems.
Currently, they use refrigerants: hydro-chlorofluorocarbon (HCFC) chloro-fluorocarbon
(CFC) and hydro-fluorocarbons (HFC) [9]. The release of these refrigerants has
contributed to the depletion of the ozone layer and has caused global warming since past
60 years [10]. One of the disadvantages of these systems is that these systems are very
energy-intensive and require large investment of money to meet the demand for
electricity[11].

Some facilities also use a vapor absorption refrigeration system, but it is cost-effective
when there is an in-expensive source of low-temperature heat available[12]. The key
design constraints for cold storage are uniformly maintaining the design temperature and
relative humidity. Uniform temperature is maintained by adequate refrigeration capacity,
the minimal temperature difference between the evaporator coil and the air temperature,

uniform air distribution, and precise temperature control system.

1.3 Solar Cooling — An Attractive alternative

To mitigate environmental issues and to overcome the problems faced by conventional
cooling systems, solar assisted absorption cooling system is of great interest [13][14].
These devices use thermal energy as an input to the refrigeration absorption cycle. The
use of solar energy for cooling is an attractive option because the availability of resources
is in line with the cooling load demand [15] Therefore, using these systems can reduce
peak load demand of electricity and is appropriate to meet the cooling load requirements
in buildings [16][17][18]. Thermally driven absorption refrigeration system utilizes

environmentally friendly refrigerants such as; ammonia, methanol, and water, etc.



therefore they have no ozone depletion potential [9]. Additionally, the maintenance

requirements of such a system are less because there are no rotating parts.

1.4 Advantages of Solar Cooling systems
Using solar absorption cooling system has the following advantages [19]
i.  Itreduces dependency on fossil fuels.
ii. By using such systems, the energy supply can be diversified.
iii.  Have the potential to save limited natural reserves.
iv.  Lessens CO.emissions.

v.  The owner of such facilities can save money by reducing their bills.
1.5 Aims and Objectives

Overall, the comprehensive objective of this study is to model a solar thermal assisted
absorption cooling system (SAC) for cold storage located in Mardan, Khyber
Pakhtunkhwa, Pakistan (34.1989° N, 72.0231° E). Specifically, this project will aim on
the following objectives.
i.  Design and modeling of the SAC system for a banana facility using the
Transient System simulation tool (TRNSYS).
ii.  Performance analysis of the SAC system.
iii.  Optimization of different components using the GenOpt optimization tool.

iv.  Economic analysis of the system.
1.6 Motivation

The agricultural sector of Pakistan is contributing 18.9 % in the GDP, in which the banana
facility is the main contributor. Existing fruit (banana) storages in Pakistan uses Vapor
Compression based plant to attain conditioned space which are designed and installed by
local consultants without proper calculations having excessive losses and highly
inefficient setup causing more power consumption and extra billings. Also, Pakistan from
the past decade is facing power crises and due to severe load shedding especially in the
summer season [20] those fruit storages are unable to fulfill their cooling needs. Therefore,
it is viable for Pakistan to use the SAC system for air-conditioning to reduce electricity

load [21]. The motivation behind this project is to compute the cooling needs of fruit



storage and determine a new method for achieving the required cooling through hybrid
solar thermal absorption cooling.

1.7 Scope of the work

In this study, a simulation model of a cold storage building is developed by using advanced
building simulation software TRNBuild. The building selected for this study is a banana
facility cold storage located in Mardan, Khyber Pakhtunkhwa Pakistan. The cooling load
of the cold storage was estimated by considering, all the characteristics of the building
(e.g. construction materials, internal heat gains, occupancy rate, etc.). Energy conservation
measures (e.g. increasing insulation thickness) are applied to the building to investigate
the reduction in the cooling load demand.

The performance of the SAC system for the actual cold storage building is observed by
using TRNSY'S 17 software. For modeling of the system, suitable components are selected
from the TRNSYS library. Active cooling is achieved through hot water fired single effect
Lithium Bromide (LiBr-H20) absorption chiller to accomplish the cooling needs of the
cold storage. Other components included are evacuated tube collectors, a Stratified hot
water storage tank, a closed-circuit cooling tower, auxiliary heater, pumps, and a fan. All
these components are modeled in two different configurations C1 and C2. Both
configurations are compared and optimized by total initial and operational cost for the

coming 20 years using GenOpt tool.

1.8 Study limitations

This study is only limited for cold storages having a banana facility, because the cooling
load is specifically calculated for the banana facility. For other cold storages such as; apple
storages, dry fruit storages, and frozen storages the required temperature would change.
Therefore, the cooling load and the size of the SAC system will also change.
Optimization and economic analysis of single effect LiBr-H.O absorption chiller is
performed in this study. Hence, this study is not valid for double-effect absorption chiller
as the operational conditions and parameters are different for double-effect absorption
chillers.

The experimental setup of the solar absorption cooling system for cold storage building is

not developed because of the high capital cost of equipment and installation of the system.
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Chapter 2: Literature Review

2.1 Overview

Numerous studies are carried out to study different solar cooling techniques for buildings.
Solar cooling can be achieved by integrating solar PV or solar thermal collectors with
cooling generation systems. The efficiency of solar thermal collectors increases as the
ambient temperature increases whereas, for solar PV modules, the efficiency reduces.
Hence for hot climates like Pakistan, solar thermal cooling (e.g. solar absorption system)
is more feasible than solar electric cooling[1], [2]. Several studies report the use of
absorption refrigeration systems for cooling, using TRNSY'S simulation software.

Tao He et. al. [3] modeled a solar absorption cooling system for a typical office building
in Beijing, China using TRNSY'S software. The cooling load of the office building was
50 TR. Evacuated tube solar thermal collectors with an aperture area and a tilt angle of
10° facing south were used. The rated capacity and COP of the absorption chiller was
175.8 kW and 0.7 respectively. A biomass boiler is also installed as a backup energy
source. The optimum volume of cooling and heat storage tanks are 8 m® and 15 m®
respectively. The of solar thermal collector’s average annual efficiency was found to be
37.6% and the solar fractions calculated for both winters and summers were 0.38 and 0.76
respectively. Also, the coefficient of performance (COP) of the system for the whole
summer season was found to be 0.32.

Tsoutsos et. al. [4] studied the performance evaluation of solar cooling and heating system
for a hospital in Crete, Greece using TRNSYS. Different parameters like solar collector
area and slope, storage tank volume, backup heater capacity, size of the cooling tower,
and the absorption chiller nominal capacity were optimized. Four different situations were
analyzed based on solar fraction and it was inferred that the optimum area for collector
was 500 m? and the total optimum number of thermal collectors were 179. The solar
fraction for cooling and heating season found were 74.24 % and 70.78 % respectively.
Florides et. al. [5] modeled and simulated a domestic size solar absorption cooling system
using TRNSYS. The system consisted of compound parabolic collectors, a storage tank,
a boiler, and a LiBr-water absorption chiller. Optimization revealed that 15 m? collector

area tilted at 30° from horizontal and a hot storage tank with 600 L volume will run the



system at optimum conditions. The economic analysis concluded that the total life cycle
cost of the system, for a lifetime of 20 years will be C£ 13,380 in which the cost of the
absorption cooling system alone was found to be C£ 4800. The results also concluded that
for an absorption system to be economically feasible as compared to a conventional
cooling system its capital cost should be below C£ 2000.

Molero et. al. [6] compared two different models for SAC system for a residential building
in Spain. Different parameters like solar collector area, COP, and setpoint temperature of
absorption chiller and volume of thermal storage were optimized. The main objective of
this study was to define the effects of hot and cold storage tanks. It was concluded from
the results that the absorption cooling system performs better when a cold storage tank is
used, especially when for larger storage size and smaller collector area.

Muhammad et. al. [7] did a simulation-based study of solar absorption cooling system for
an educational building located at Islamabad. Various performance parameters such as
solar fraction, solar collector efficiency, and primary energy savings were analyzed for
two different configurations using TRNSY'S to optimize system design variables like type
and size of the collector, collector tilt angle, and storage tank volume. Results revealed
that the second configuration having a flow diverter installed after the absorption chiller
has higher primary energy savings irrespective of the collector type being used.

A multi-objective optimization study was carried out for a medium-sized office building
located at four different locations (e.g. Phoenix, Atlanta, Los Angeles, Chicago) to
investigate the performance parameters of a solar assisted absorption cooling and heating
system by incorporating simultaneously different parameters like economic,
environmental and energy aspects. The proposed method of analysis included central
composite design, regression, and multi-objective optimization. The results suggested that
the above approach can provide a systematic mechanism to design a solar assisted
absorption cooling and heating system [8].

Yunlong et. al. [9] investigated the feasibility analysis of three different types of solar
assisted air conditioning systems (e.g. solar desiccant-evaporative cooling system, solar
desiccant-compression cooling system, solar absorption cooling system) for a typical
office building for eight different cities of Australia. The technical and economic

performance of each system was evaluated based on a solar fraction, COP, annual
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electricity consumption, annual CO> emission reductions, and payback period. Results
revealed that solar absorption cooling (SAC) system and solar desiccant evaporative
(SDEC) systems are both energy-efficient systems but SDEC’s were concluded as the
most economically feasible solution for most of the Australian cities.

Ehsan et. al. [10] studied the improvement of the overall energy performance (e.g. retrofit
cost, energy savings, and thermal comfort) of an existing residential building by
retrofitting strategies. In their study, they developed a simulation-based multi-objective
optimization model using TRNSYS, GenOpt, and MATLAB. In the analysis, they
considered different materials for external walls and roof insulations, different types of
windows and have installed solar collectors in the existing building. The results of the
study verify the practicability of the approach and highlight the problems which may arise.
Al-Alili et. al. [11] studied both single-objective and multiple-objective optimization of
the 10-kW solar assisted absorption system for Abu Dhabi’s weather conditions. In the
single-objective technique, the system performance and initial cost were optimized
separately. Results reveal that the global minimum heater consumption was 1845 kW h,
and the global minimum total cost, for a solar fraction of 0.5, was $72,203. Whereas in
multi-objective technique, when the system performance and cost were optimized
simultaneously, revealed that there were heater consumption reduction and cost savings

up to 35.3% and 24.5% respectively.
2.2 Refrigeration

Refrigeration is a thermodynamic cycle which removes heat from the low temperature
reservoir and rejects it to the high temperature reservoir. This cycle requires work as an
input so that the second law of thermodynamics is not violated. The systems used for
refrigeration are also called as cooling or air conditioning systems [12].
2.2.1 Various Methods for Refrigeration
There are two major methods of refrigeration which are,

1. Vapor Compression system

2. Vapor Absorption system
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2.2.1.1 Vapor Compression System
It is the most widely used refrigeration cycle. The vapor compression refrigeration cycle
consists of four components: Compressor, Condenser, Expansion valve, and Evaporator.
The ideal vapor compression cycle mainly consists of four processes.

1-2 Isentropic compression process in the Compressor

2-3 Heat rejection process at constant pressure in the Condenser

3-4 Throttling process in the Expansion valve

4-1 Heat Absorption process at constant pressure in the Evaporator
In an ideal vapor-compression refrigeration cycle, the refrigerant first enters the
compressor as a saturated vapor at state 1, where the temperature and pressure of the
refrigerant are increased well above from the ambient conditions. The refrigerant then
enters the condenser at state 2, where heat is rejected at constant pressure to the
surrounding, and its temperature decreases to state 3. The saturated liquid refrigerant then
enters an expansion device where the throttling process occurs, and the pressure decreases
to evaporator pressure. The temperature after the expansion process drops well below the
conditioned space temperature. The refrigerant then absorbs heat from the conditioned
space and vaporizes and reenter as a saturated vapor to the compressor, completing the

cycle [13]. The complete cycle is shown in figure 2.1.
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Figure 2.1: Schematic and T-s diagram for ideal vapor compression refrigeration cycle [13]
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2.2.1.2 Vapor Absorption system

As the name implies, the absorption refrigeration cycle involves the absorption of
refrigerant through a transport medium. The absorption system is one of the oldest
refrigeration technologies. These systems operate on heat energy as an input, unlike vapor
compression refrigeration. Moreover, they do not require compressors for the
compression of refrigerants therefore, they require less maintenance. This form of

refrigeration becomes economically attractive when there is an inexpensive thermal
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Figure 2.2: General Schematic diagram of vapor absorption system [14]

energy source at a temperature 100 to 200 ° C (i.e. Solar energy, Geothermal energy, waste
heat from powerplants and natural gas etc.) available. As Shown in the figure 2.2, an
absorption refrigeration system has four main components: Generator, Condenser,
Evaporator and Absorber [14].
2.2.1.3 Types of vapor absorption refrigeration systems
The improvement of the absorption system performance is done by development of the
cycle design.[14]
a) Single Effect Absorption Cycle

e |t has only one Generator to generate refrigerant (Figure 2.3)

e The COP of the system ranges between 0.35 to 0.7 (Figure 2.6)

e The generator temperature required is between 70 to 115°C
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Low Cost as compared to multi effect

b) Double Effect Absorption Cycle

It has two generators (i.e. High temperature generator (HTG) and low temperature
generator (LTG)) (Figure 2.4)
The COP of the system ranges between 0.8 to 1.3 (Figure 2.6)

The generator temperature required is between 115t0 190 ° C

c) Triple Effect Absorption Cycle

It has three generators (i.e. Low temperature generator (LTG), Middle temperature
generator (MTG) and High temperature generator (HTG)) (Figure 2.5)
The COP of the system ranges between 1.1 to 1.8 (Figure 2.6)

The generator temperature required is between 135 t0 225° C
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Figure 2.3: Schematic diagram of single-effect absorption refrigeration system [14]
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Figure 2.4: Schematic diagram of double-effect absorption refrigeration system [14]
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2.2.1.4 Refrigerant — Absorbent pairs
An appropriate pair of absorbent and refrigerant is of great importance in vapor absorption
refrigeration system because the efficiency of the system is greatly influenced by the
thermodynamic properties of the solution. The most familiar pairs are given below [5].
e Lithium Bromide (LiBr) — Water (H20) pair.
This pair is more suitable for large scale solar based commercial applications
because the temperature required for the generator is between 90 and 120° C
e Ammonia (NHs) — Water (H20) pair.
This pair is frequently used for small scale residential and commercial
applications. The temperature required for generator is between 125 and 170 ° C.
2.2.1.5 Advantages of Absorption refrigeration system [14]

e Vapor absorption refrigeration system can be driven by a low-grade heat source
(e.g. waste heat, solar energy etc.) which makes this system very effective in
reducing CO2 emissions.

e Vapor absorption refrigeration systems uses environment friendly refrigerants
such as water, hence causing no effect on ozone layer and global warming.

e These systems mostly operate quietly as they have almost no high-speed moving

parts. This also makes their maintenance cheaper and easier.
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e Using absorption systems offer heat recovery from almost any system.

e There is no cycling loss during on-off operation in using vapor absorption
refrigeration system.

e Vapor absorption refrigeration systems are considered durable with an expected

lifetime of 20 to 30 years.
2.3 Solar Cooling Systems

2.3.1 Solar Electric Vapor Compression Refrigeration System

A solar electric refrigeration system mainly consists of photo-voltaic panels and
refrigeration device. The input energy required to run the compressor of vapor
compression system is provided by solar PV array as shown in the figure 2.7. the solar
system always comes up with hybrid technology, because if the energy requirement of the
system is not met by PV system the electricity is then supplied from the grid and the extra
power from the PV is stored in the batteries. As can be seen from the figure 2.7 most of
the system equipment’s are AC based, Therefore, an inverter is also installed after PV
array. This technology is cost, and energy saving and have less harmful effects on the

environment [15].
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Figure 2.7: Schematic diagram of solar electric vapor compression refrigeration system [15]
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2.3.2 Single Effect Solar Absorption Refrigeration System

Absorption refrigeration system requires heat energy as an input to the generator of the
absorption chiller to produce water vapor from Lithium Bromide (LiBr) and Water (H-0)
solution. The heat energy required for the cycle can be supplied by industrial waste heat,
solar collectors, boilers etc. Figure 2.8 shows working principle of solar collector-based
vapor absorption system (SAC). In solar cooling, solar collectors harvest useful energy
from the sun. The heat from the collector is used to heat working fluid (e.g. water) which
is then stored in a storage tank. This hot water from the storage tank flows into the
generator of the absorption chiller, where it is used to produce water vapor from LiBr-
H>0 solution. In the generator pressurized water vapors at high temperature are formed.
The pressurized water vapors are then passed through condenser where it rejects heat to
the surrounding and is converted into liquid. After passing through the expansion device
the low-pressure liquid water then passes through evaporator where it absorbs heat from
the conditioned space.

In the meantime, strong solution from the generator returns to the absorber by passing
through a regenerator where it pre heats the weak solution of LiBr-H>O. Water vapors
leaving the evaporator enters the absorber where it is mixed with strong solution of LiBr-

H>0 [13]. For continues supply of the input hot water, an auxiliary heater is also installed.
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Figure 2.8: Schematic diagram for solar vapor absorption refrigeration cycle [13]
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Whenever sufficient solar energy is not available the auxiliary heater heats the water to

the required level. [16].

2.3.2.1 Process Description

The main steps in a single effect absorption cooling process are presented in Pressure Vs

Temperature chart as shown in figure 2.9 [16]

1) The line 1-7 illustrates the pumping process of the weak solution from the absorber at
point 1 to the generator at point 7 by passing through a heat exchanger. Whereas the
concentration of the solution during process 1-7 remains the same.

2) The line 7-2 shows the sensible heating of the weak solution by hot water in the
generator. The process is sensible heating only because only the temperature of the
weak solution rises. The line 2-3 shows the latent heating process of the solution,
which results in boiling of water in the condenser at constant pressure. During this
heating step, water vapors evaporates from the solution which changes the weak
solution into strong solution.

3) Path 3-8 indicates a process when the strong solution moves from the generator to the
absorber through the heat exchanger. The energy from the strong solution is utilized
to pre heat the weak solution coming from the absorber to the generator. During this

process lithium Bromide (LiBr) concentration remains the same.
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Figure 2.9: Process diagram of single effect absorption refrigeration cycle [16]
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4) Process 8-4-1 shows an ideal process of absorption of water vapor from the evaporator
by the strong solution present in the absorber.

5) During process 2-5 the water vapors rejects heat at constant pressure to the
surroundings.

6) The water condenses after rejecting heat in the cooling towers. The condensed water
then flows towards the evaporated indicated by line 5-6

7) Inprocess 6-1 heat is absorbed from the conditioned space at constant pressure which
causes the water in the evaporator to evaporate. The water vapor is then absorbed by
the strong solution in the absorber completing the cycle.

2.4 Solar Thermal Collectors

Solar thermal collectors are heat exchanging devices that absorbs solar radiation from the
sun and transform it into internal energy of the working fluid (e.g. air or water). The
harvested solar energy is then carried away by circulating fluid either directly to the
equipment for heat transfer or to the thermal energy storage for later use [17].

Generally solar thermal collectors are divided into two main types: a) Concentrating
collectors b) Non-concentrating collectors. Non concentrating collectors are relatively
cheaper than concentrating solar collectors, but it can only provide heated water which
could only be used for less efficient single effect absorption refrigeration system. [18],
[19]. The non-concentrating collectors which are available in Pakistan are:

1. Flat Plate Solar Collectors

2. Evacuated Tube Solar Collectors

Flat plate collectors (FPC) are the most common type of collectors used in the world [20].
It has a metallic absorber surface which absorbs solar radiations. There is an anti-reflective
coating with glass plate installed on the surface of the FPC which reduces the reflective
losses from the surface of the collector[21]. Evacuated tube collectors (ETC) are made
from evacuated glass tubes which contains metallic absorber inside. ETC have less heat
loss and they perform better at high temperatures. The schematic diagrams of both types

of collectors is shown in the figure 2.10.
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A solar thermal collector provides heat to the thermally operated refrigeration system. The
efficiency of a solar thermal collector primarily depends upon the working temperature of
the collector. At high working temperatures, due to higher temperature difference between

the collector’s working temperature and ambient temperature, the collector losses more
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Figure 2.10: Schematic diagrams of solar collectors a) Flat plate type b) Evacuated tube type

heat and delivers less heat. Conversely, thermal refrigeration systems generally work more
efficiently with a higher temperature input. While designing a solar thermal system, these

two opposite trends must be considered [23].
2.5 Introduction to TRNSYS

TRaNsient SYstem Simulation (TRNSYYS) is extensively used, thermal dynamic process
simulation program. It was first developed for solar energy applications and simulations,
now it can also be used for a wider variety of thermal processes [24]. TRNSYS can be
used for Solar thermal heating and cooling, Solar PV and Building energy analysis.
System components from the TRNSYS library can be interconnected in any manner. The
OUTPUT from any component can be used as an INPUT to other components [25]. Each
component in the TRNSYS library has a unique TYPE number (e.g. Type 1 is the solar
collector, Type 56 is used for multi zoned building model). The components in TRNSY'S
library includes Solar collectors, thermostats, absorption chiller, hot water storage tanks,
heat pumps, fans and many more. Literature shows that TRNSYS can provide less than

10% error between simulation results and actual operating system.
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TRNSYS consists of many programs. This study only uses simulation studio. TRNSYS
simulation software is centered on well-established analytical and empirical correlations
which makes it a mature simulation tool. This software is being used to predict the long-
term performance of a simulation system in the designing phase. The aim of current study
is to design, model and recommend a solar based cooling system for a local Banana cold
storage in Pakistan. For which TRNSYS software is used to model and simulate various
design concepts and methods which were previously not considered and analyzed.
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Chapter 3: Research Methodology

3.1 Overview:

In the previous chapter a detailed literature review regarding solar cooling systems, solar
collectors and thermal cooling systems was presented. This chapter is about the
methodology adopted to carry out research on building integrated solar thermal cooling
system for Pakistan’s climate conditions.

Designing a new solar cooling facility is a complex task and one can face many problems.
Such as proper sizing of the components, also, lack of standard specification and
configurations due to variations in climate conditions and building characteristics makes
designing a difficult job. Every case is different and specific, and detailed study and
optimization is required to achieve maximum efficiency of the cooling system. Different
software’s and tools are used by researchers for solar cooling system studies worldwide
[1].

This research study aimed to evaluate energy performance of a cold storage building
integrated with solar assisted absorption cooling system. The goal is to use solar energy
as hybrid energy source with conventional energy systems to meet the cooling demands
of a cold storage with actual construction materials and standards used in Pakistan. The
two main techniques available for the study of solar cooling system are either by
experimental study or by dynamic simulation method. But as there is no experimental
setup or installed system in cold storages in Pakistan; dynamic simulation will therefore
be the adopted methodology for this study.

For the dynamic simulation of the cold storage building integrated with solar absorption
cooling system, a realistic 3D cold storage building model with actual building
characteristics (e.g. construction standards, materials, size etc.) will be chosen and the
solar cooling system will be sized accordingly, so that it can maintain the storage
temperature at the required set point all the time. For calculating the cold storage cooling
load, the internal gains by workers, equipment’s and banana load will be considered.
Suitable components for the solar cooling system will be selected and will be optimized
for the most efficient configuration and operational parameters. The optimization will

consider the main system variables which have effect on the energy performance (e.g.
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collector area, storage tank volume etc.) and the criteria for optimization will be on

minimum installation and operational cost of solar loop based.

3.2 Approach of the study.
The steps followed for modelling, simulation and optimization of this study are
summarized below:
o An existing cold storage building model is created in Google Sketchup and
imported to TRNSYS. Building materials and geometry (walls and windows) are assigned
in Trnsys3d.
o Weather data of the location is imported from the TRNSYSS library as a TMY file.
It consists of annual solar beam and diffused radiation, ambient temperature (both dry
bulb and wet bulb), relative humidity and wind speed etc.
o Cold storage internal gains and operational conditions are defined in TRNSY'S to
calculate the maximum cooling load demand and estimate the size of the cooling system.
o Suitable components from the TRNSYS library are imported and connected with
each other in the simulation studio. Main components selected are
i.  Hot water fired LiBr — H>O absorption chiller

ii.  Evacuated tube solar thermal collectors

iii.  Stratified hot water storage tank

iv.  Boiler (Auxiliary heater)

v.  Cooling tower

vi.  Pumps, fan, and controllers
o Components and weather data are assembled and connected in two different
configurations (e.g. C1 and C2).
o Comparison of the two configuration is done on installation and operational cost.

And both configurations are optimized on minimum operational cost.

3.3 Building model description

The building selected for this study was a banana cold storage facility located at Mardan,

Khyber Pakhtunkhwa Pakistan. The cold storage consists of 4 walls. The specifications
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Figure 3.1: Trnsys 3-D model of storage building front view

and dimensions of which are given in the Table 3.1. The walls of the selected building are
made of 0.2 m thick common bricks with 0.012 m plaster layer on the inside. Polystyrene
insulation of thickness 0.051 m and steel cladding of thickness 0.005 m was also installed
on the inside to minimize losses from the building envelop. The roof of the building is
made of 0.1 m heavy weight concrete along with 0.1 m layer of common brick. To
minimize thermal loses polystyrene and steel cladding were also installed with 0.051 m
and 0.005 m thickness, respectively. Floor is made of 0.13 m thick layer of heavy weight
concrete.

Figure 3.2: Trnsys 3-D model of Cold Storage building back view
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TRNSYS supported Google Sketchup was used to model the existing cold storage
building. The model used 3D building geometry for a space to be used in solar thermal
cooling simulations. Trnsys3d plug-in is used to add geometric information into the
building model. In the simulation studio, “’Type56’’ component was used for the building
model. The selected cold storage building is a single zone model as shown in the Fig 3.1
and Fig 3.2, some other parameters are as follow:

Floor area = 78.89 m?

Zone Volume (V) = 315.57 m®

Location: 34.1989° N, 72.0231° E
Table 3-1: Dimensions of the Cold Storage building

Sr. | Orientation | Length [L] | Height [H] | Gross Area | Door Area | Net Area
No (m) (m) (m?) (m?) (m?)
1 N 8.32 4 33.28 - 33.28
2 SE 13.41 4 53.64 - 53.64
3 S 8.32 4 33.28 5.04 28.24
4 NW 13.41 4 53.64 - 53.64

3.3.1 Mathematical description of Type56
The heat gain by building thermal zone are described in this section. The building model
in Type 56 is an energy balance model. Fig. 3.3 shows that the temperature of a zone

depends upon different heat gains.
3.3.1.1 Convective heat flux to the air zone

The total heat gain Q, of a zone is the summation of all kind of heat transfer to or from

the thermal zone and can be calculated using Eq. 1.

Qi = qurf,i + Qinf,i + Qsolar,i + Qg,C,i + Qvent,i + QCPlQ'i + QISHCCI'i (1)
Where,

qurf,l- is the convective heat gain from the surfaces

Q'l-nf,l- is the infiltration gains due to the flow of air from the outside, given by

Qinf,i = V P Cp (Tout - Tair )
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Qsolar,i is the fraction of solar radiation which enters the air zone through external
windows.

Qg,c,i are the internal convective heat gains (e.g. by people, equipment, radiators etc.)
Qvent’i is the ventilation heat gain (e.g. air flow for a user defined source, like an HVAC
system, given by

Quenti = V P ¢ (Tyentitationi — Tair )

Qcng,i is the convective heat gains from due to the airflow from boundary condition,
given by

Qepigi =V P Cp (Tronei — Tair)

Q,SHCCLL- is the absorbed solar radiation on all internal shading devices

3.3.1.2 Cooling Load Calculation

In most of the studies the cooling load of the building is already known. But for this
specific case, the cooling load was calculated using TRNSYS. The cold storage cooling
load was based on room envelop conduction and internal gains. In cold storages the
primary cooling load is the heat generated by the products kept in the cold storage. The
gains from the occupancy (per person of the labor force) were set according to 1ISO7730

standard with heavy work, lifting activities of 470W (165W sensible load and 300W latent

load) and there were total 8 workers counted for the study. The artificial lightning heat

Qinf
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Figure 3.3: Heat Balance of the building thermal zone
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gain was 10 W/m?. The gains from the product (e.g. banana) was calculated according to
the Eq. 2 [2]

Q; =m CyAT 2)
Where, m is the mass of the product kept for cooling period (Kg/Time), Cy is the specific
heat of the product kept (e.g. 2.292 kJ/kg K for banana) [3] and AT is the

temperature difference

3.4 System Description

Solar cooling system for cold storage was modelled with two different configurations
and was compared and analyzed. Both configurations are discussed below.

3.4.1 Configuration -1

In Configuration-1 (C-1), base fluid (e.g. water) from the solar thermal collector enters
stratified water storage tank. Water then passes through an auxiliary backup heater. A
thermostat installed in parallel continuously examines the temperature of water leaving
the hot water storage tank and if the water temperature while leaving the storage tank is
less than desired level (e.g. 90° C), then the auxiliary heater turns on and raise the
temperature to the required level. After auxiliary heater, water enters absorption chiller
at a constant temperature of 90° C where it delivers heat to the chiller and returns to the
storage tank and then to the solar collectors and the cycle continues. A controller monitors

the in and out temperatures of collectors and controls the pump flow. If the temperature

Auxiliary

Solar Collector

N
Thermostat

Controller

CHILLER

Figure 3.4: Configuration-1 (C1) for solar absorption cooling system
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Figure 3.5: Configuration-2 (C2) for solar absorption cooling system

of the water come from out of collector is higher than the collector inlet temperature, the
controller turns pump on, otherwise it remains off.

3.4.2 Configuration -2

In Configuration-2 (C-2), base fluid (e.g. water) from the solar thermal collector enters
stratified water storage tank. If the temperature of the water leaving the stratified storage
tank is below the required temperature (e.g. 90° C), water does not enter auxiliary boiler
loop and it continues to circulate in the solar loop. Water leaving the absorption chiller is
diverted to Tee mixer where it is either directed to the auxiliary boiler directly or to the
storage tank. A tee junction and a controller is used for this purpose. The controller diverts
water to the storage tank if the required temperature (e.g. 90°C) is available in the storage
tank otherwise the flow is diverted to the auxiliary heater.

3.5 TRNSYS Model

Both configuration models (C-1 and C-2) are modelled by importing various components
from the library and connecting them as shown in the Fig 3.6 and 3.7.

In modelling of the system following simplifying assumptions are taken.

e Effect of boiling or freezing of water are not considered in this study

e No pressure relief valve is installed and thereby loss of mass of water is not considered.
e Power consumed in components such as circulating pumps (other than solar loop

pump) and controllers are not considered.
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e The storage tank is kept in outdoor conditions to minimize thermal energy losses.

3.6 System Components Description

A simplified process flow diagrams of both configurations are shown in the Fig 3.6 and
3.7. It should also be noted that connecting lines in the diagram represent logical
connections in the simulation rather than physical pipes connections etc.

3.6.1 Evacuated Tube Collector

An evacuated tube solar collector of Type 71 is used in this study for TRNSYS simulation.
The solar collector’s efficiency depends on the collector inlet, outlet, or average
temperature. In Type 71 input parameters, efficiency mood, one (1) is selected if the
collector efficiency parameters are presented as a function of the collector inlet
temperature. Two (2) is selected if the collector efficiency parameters are presented as a
function of collector average temperature. Three (3) is selected if the efficiency
parameters are function of collector outlet temperature. The efficiency of a solar collector

is given by Eq. 3.

Ncollector = Ao — alﬂ_ A _ (ar)2 (3)
IT 2 IT

Where, « is the optical efficiency, a4 and a, are coefficients of heat loss

AT is the difference between fluid inlet temperature to the solar thermal collector and the
ambient temperature (T, — Tgmp)-

I is the incident total solar radiation

The values of the above-mentioned parameters are provided by the solar collector’s
manufacturers and are listed in the Table 3.2.

3.6.2 Absorption Chiller

A hot water fired single effect absorption chiller (Type 107) is used in this study. Hot
water fired implies that the energy delivered to the chiller’s generator comes from the hot
water stream. The performance of an absorption chiller is determined in terms of
Coefficient of performance (COP) of the chiller. The COP of the absorption chiller is
given by:

33



Table 3-2: Parameters of evacuated tube collectors

Parameters | Description Unit Value
Cp The specific heat capacity of | kJ/ (kg K) 4.190
working fluid
n Efficiency mood - 1 (Tin — Tomp)-
Qg Intercept Efficiency - 0.7
a, Efficiency Slope (kdhr.  m? |10
K)
a, Efficiency Curvature (kd/hr.  m?|0.03
K2)
cop = Lnw
hw
Where,

Qchw is the energy removed from the chilled water stream.

Qhw is the energy supplied by the hot water stream to the generator of chiller.

(4)

The total energy that must be removed by the chiller from the chilled water stream to

bring it back from its entrance temperature to the set point temperature is calculated

by Eq. 5

Qchw = mchwcpchw (Tchw,in - Tchw,set)

()

The amount of energy supplied to the chiller from the hot water stream can be

calculated using Eq. 6.

Q' _ Capacityrqted
hw —
COPrated
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Where,

Qn is the energy removed from the hot water stream.

Capacity,.:eq 1S the rated cooling capacity of the chiller.

COPy4teq 1S the rated COP of the machine.

fpesignEnergymput 1S the fraction of input design energy required by the machine at
present instant.

The energy rejection to the cooling tower required can be calculated by using Eq. 7

Qcw = Qcrw + Qnw (7
Where Q.,, is the energy removed from the system by cooling tower.
A hot water fired LiBr-H.O based chiller was used in this study. The technical data was
obtained from a china-based company (e.g. Shandong Lucy New Energy Technology
Co., Ltd)[4]. The technical parameters are listed in the Table 3.3

3.6.3 Hot Water Storage Tank

A stratified hot water storage tank (Type 4a) was used to simulate thermal storage tank in
this study. It is a storage tank with fixed inlets and uniform losses with an auxiliary heating
system. The fluid in the tank is hot at the top and is cold at the bottom. The tank is divided
into ten equal nodes. And it is assumed that losses from each node of the tank are equal.
The hot water from the thermal collector enters to the top of the tank and exit from the top
to the chiller. The cold side water from the chiller enters the tank at the bottom and exits
the tank bottom towards the collector.

For heat loss calculations from the storage tank it is assumed that the tank is well insulated,
and the ambient temperature is considered as an input for the heat loss calculation from the

storage tank. The tank average heat loss-coefficient is taken to be 0.167 kJ. Hr't m2K?,

3.6.4 Auxiliary Heater

An auxiliary boiler (Type 700) is installed after hot water storage tank in the simulation
model. It is installed in the loop that if the required temperature is not achieved by the solar
collectors then the controller will turn on the boiler and will heat the fluid to the required
generator temperature. It also calculates the required input energy to elevate the input fluid

temperature to the set point temperature using Eqg. 8.
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Table 3-3: Technical parameters of hot water fired absorption chiller

Model Unit RXZ-23
Capacity kW 23
Hot Water Flow rate m3/h 5.8
Inlet/Outlet Temp. oCc 90/85
Inlet/Outlet Dia. mm DN40
Chilled Water | Flow rate m3/h 4
Inlet/Outlet Temp. oc 15/10 (12/7)
Inlet/Outlet Dia. mm DN32
Cooling Water | Flow rate m3/h 10
Inlet/Outlet Temp. oc 30
Inlet/Outlet Dia. mm DN40
Dimensions Length mm 1010
Width mm 785
Height mm 1622
Power Consumption kw 0.3
Shipping weight kg 730
Qneea = Me1iaCPs1uia Tser — Tin) (8)

The device will not calculate energy if the Qneed is negative for instance a case where
inlet temperature is higher than the set point temperature. The required energy by the fluid
is controlled by the total capacity of the auxiliary boiler

Once, the required energy by the fluid is determined, the amount of fuel required can also

be calculated by Eq. 9.

S — Qnee
quel - . 9

Nboiler
3.7 System Performance factors

i.  Lowest Life Cycle Cost
The size of solar thermal collector and hot water storage tank are manipulated to find the

lowest life cycle cost of the system. Larger collector area and storage tank volume will
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reduce the auxiliary backup heater consumption thus reducing the operational cost of the
system, but in the mean while it also increases the installation cost of the system. Multiple
variables optimization is carried out using GenOpt optimization tool of TRNSY'S and the
following steps are being followed.
= Choosing the input TRNSYS file to be optimized.
= Choosing the variables to be optimized.
In this study collector area and storage tank volume are the two variables selected for
optimization
= Specifying variables information
The variables are specified as ‘’continuous’ or “’discreet’” and then a range is
identified for each variable.
= Selection of the error function
A simulation output is selected which will be minimized during optimization process.
In this study the following cost equation was selected as a simulation output.
COST_SOLAR = AREA_COLL*COST_M2 + VOL_TANK * COST_M3 +
LIFETIME*(Q_PUMP+Q_Aux)/3600*COST_KWH (10)
Where,
e COST_SOLAR is the total cost function of the study which will be minimized

AREA_COLL is the first variable which will be optimized in the defined range.
e COST_Ma2 is the cost of the solar collector per square meter (e.g. 30,000 PKR).
e VOL_TANK is the second variable which will be optimized in the defined range.
e COST_Msiis the cost of storage tank per cubic meter (e.g. 80,000 PKR)
e LIFETIME is the period for which the life cycle cost analysis is carried out.
e Q PUMP+Q_Aux is the summation of power consumption of the solar loop pump
and the auxiliary backup boiler
e COST_KWH is the cost of energy per kwWh (e.g. 5.38 PKR) [6].
= Choosing the optimization setting
First one is the maximum number of iterations for single simulation (e.g. 500 in this
study). The second is the number of times the function value returns to the same value

before the simulation terminates (e.g. 5 for this study)
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Selection of optimization method

There are multiple options available for optimization method, but the selection is
limited by the number and type of variables selected. Hooke-Jeeves algorithm is used

in this study for optimization which is recommended method for continuous data [7].
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Chapter 4: Results and Discussion

4.1 Overview:

In the previous chapter 3, key components of a solar assisted absorption cooling system
and their parameters were discussed to estimate the overall performance of two different
configurations (e.g. C1 and C2). All the components were connected in TRNSYS
simulation studio to obtain different combinations and were operated for realistic
parameters referenced from literature. The solar cooling system was operated to maintain
the condition space temperature of 15 °C inside a cold storage room of banana facility for
the whole year. The system parameters for both configurations were optimized based on
life cycle cost (e.g. installation and operational cost of energy input loop) using GenOpt
optimization tool in TRNSY'S. The optimum results were achieved by running optimization
tool several hundred times and at the end the combination of parameters having minimum
life cycle cost were selected as optimum parameters. After optimization, the results

obtained are discussed here in detail.

4.2 \Weather Data of Peshawar:

Figure 4.1 shows average monthly ambient temperature and percentage relative humidity

for Peshawar region. It is evident from the figure that average monthly temperature is
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Figure 4.1: Monthly average ambient temperature and percentage relative humidity
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maximum in the month of June whereas, the percentage relative humidity is minimum for
this month.

Figure 4.2 shows monthly radiation data for Peshawar including both beam and diffuse
radiations. It is evident that total solar radiations are maximum in May and June having
values of 1043 kJ/hr. m? and 1089 kJ/hr. m? respectively. Direct solar radiation is 678.36
kd/hr. m? and 713.26 kd/hr. m? while diffuse solar radiations are 364.75 kJ/nhr. m? and
376.39 kJ/hr. m?, respectively. These figures (e.g. Fig 4.1 and Fig 4.2) reveals the potential
of renewable solar energy available when cooling requirements are maximum. Therefore,

by using a SAC system these solar radiations can be utilized to achieve space cooling.

4.3 Cooling Load:

Finding the maximum cooling load demand of a building is essential for estimation of the
size of a SAC system [1]. The cooling load of the selected building is calculated by running
the simulations at a set point temperature of 15 °C. Figure 4.3 shows the hourly cooling
load of cold storage building for whole year. It is evident from the figure that the maximum
cooling load (e.g. 82400 kJ/hr.) is in the month of June.

43



90000
80000 -
70000 -
60000 -
50000 -
40000 -
30000 -
20000 -
10000 -

Cooling Load (kJ/h)

Jan Feb MarchApril May June July Aug Sep Oct Nov Dec

Month

Figure 4.3: Hourly Cooling Load of the Cold Storage

Figure 4.4 shows the average monthly cooling load of the cold storage for whole year. It is
evident from the figure that average cooling load is maximum in the month of May having
a value of 63200 kJ/hr. while the lowest average cooling load demand is for the month of
Sept having a value of 33500 kJ/hr. The cooling load demand for the rest of the months is
approximately the same and remains in the range of 40000 kJ/hr. and 60000kJ/hr.

4.4 Optimization:

This study illustrates the optimization process of a solar absorption cooling system with
evacuated tube collectors and hot water storage tank. In this study the area of collector

array and the volume of the storage tank was manipulated to find the lowest cycle cost of
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Figure 4.4: Average Monthly Cooling Load of the Cold Storage
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the system. Studies shows that the larger collector area and storage tank volume can reduce
the consumption of auxiliary boiler (and therefore the operational cost), but the savings are
contrasted by the higher capital costs of the collector and the storage tank. To minimize the
life cycle cost of the system the collector area and the storage tank volume was manipulated
between 50 m? to 150 m? and 0.5 m® and 4 m?® respectively for both configurations. To
avoid getting “local minima’’ and to get a “global minima” in the selected range of
parameters, different initial points with increments of 10 m? and 0.5 m® were tested by
running simulations multiple times. Table 4.1 shows the optimum values of parameters
with minimum life cycle cost of both configurations for multiple combinations of initial
parameters. Figure 4.5 shows the 5 smallest possible life cycle cost values of C1 for
different combinations of storage tank volume and solar collector area. It can be evident
from the figure that out of five smallest life cycle cost, four have an optimum collector area
of 150 m? while the optimum storage tank volume is 1.99 m? for the lowest value of life

cycle cost.
Table 4-1: Optimization results of Both Configurations
Collector area Volume of Tank Configuration-1 Configuration-2
Life Cycle
Sr | Min | Initial | Max | Min | Initial | Max Cost Area | Volume | Life Cycle | Area | Volume
No. | (m?*) | (m®) [(m*) | (M) | (M°) [ (M) | (PKR) | (m’) | (m°) |Cost(PKR)| (m?) | (m°)
1 05 1] 05 4 28485997 | 149.6 | 0.99 28230209 | 54.1 0.50
2 0.5 1 4 28467407 | 150.0 | 0.53 10717950 | 58.9 2.29
3 05| 15 4 28467407 | 150.0 | 0.53 14464551 | 50.4 1.55
4 50 50 | 150 0.5 2 4 28466277 | 150.0 | 1.99 12328053 | 50.0 2.18
5 05| 25 4 28485869 | 150.0 | 2.58 13567088 | 50.6 2.52
6 0.5 3 4 28485997 | 149.6 | 0.99 10769527 | 56.0 3.30
7 05| 35 4 28467407 | 150.0 | 0.53 13163989 | 50.1 3.50
8 0.5 4 4 28479164 | 149.8 | 0.83 13215817 | 50.0 4.00
9 05| 05 4 28467407 | 150.0 | 0.53 11095737 | 84.0 2.20
10 0.5 1 4 28485997 | 149.6 | 0.99 28012567 | 60.1 0.99
11 05| 15 4 28467407 | 150.0 | 0.53 13637322 | 60.1 1.50
12 0.5 2 4 28466277 | 150.0 | 1.99 10717950 | 58.9 2.29
50 60 | 150
13 05| 25 4 28484579 | 150.0 | 2.34 12281006 | 59.6 2.50
14 0.5 3 4 28479164 | 149.8 | 0.83 10771174 | 59.9 2.85
15 05| 35 4 28485997 | 149.6 | 0.99 10852920 | 60.0 3.50
16 0.5 4 4 28479164 | 149.8 | 0.83 10939954 | 62.8 4.00
17 05 ] 05 4 28467407 | 150.0 | 0.53 12005619 | 84.9 1.99
50 70 | 150
18 0.5 1 4 28467407 | 150.0 | 0.53 14663182 | 66.5 1.30
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19 05 ] 15 4 28467407 | 150.0 | 0.53 13732309 | 71.4 1.49
20 0.5 2 4 28494125 | 150.0 | 1.29 11850242 | 70.0 2.03
21 05 ] 25 4 28466277 | 150.0 | 1.99 10856387 | 69.6 5.25
22 0.5 3 4 28466277 | 150.0 | 1.99 10926930 | 70.6 3.00
23 05 ] 35 4 28494125 | 150.0 | 1.29 11014735 | 69.4 3.80
24 0.5 4 4 28494125 | 150.0 | 1.29 11047543 | 704 4.00
25 05 ] 05 4 28467407 | 150.0 | 0.53 12115376 | 92.0 1.90
26 0.5 1 4 28467407 | 150.0 | 0.53 12080622 | 86.9 2.01
27 05 ] 15 4 28467407 | 150.0 | 0.53 13801555 | 79.5 1.50
28 50 80 | 150 0.5 2 4 28466277 | 150.0 | 1.99 11891989 | 80.4 1.95
29 05 ] 25 4 28485869 | 150.0 | 2.58 10933238 | 74.8 2.23
30 0.5 3 4 28485997 | 149.6 | 0.99 11102177 | 81.9 3.33
31 05 ] 35 4 28479164 | 149.8 | 0.83 11102512 | 77.0 3.55
32 0.5 4 4 28467407 | 150.0 | 0.53 11181161 | 79.9 4.00
33 05 ] 05 4 28467407 | 150.0 | 0.53 7035703 | 116.1| 2.75
34 0.5 1 4 28467407 | 150.0 | 0.53 12148948 | 93.8 1.91
35 05 ] 15 4 28466277 | 150.0 | 1.99 14816088 | 91.5 1.45
36 50 90 | 150 0.5 2 4 28485997 | 149.6 | 0.99 12003453 | 90.3 2.00
37 05 ] 25 4 28485869 | 150.0 | 2.58 11197672 | 89.9 2.85
38 0.5 3 4 28485997 | 149.6 | 0.99 11149195 | 88.0 3.10
39 05 ] 35 4 28467407 | 150.0 | 0.53 11298913 | 90.5 3.50
40 0.5 4 4 28485997 | 149.6 | 0.99 11224648 | 88.0 3.70
41 05 ] 05 4 28467407 | 150.0 | 0.53 12148948 | 93.8 1.91
42 0.5 1 4 28467407 | 150.0 | 0.53 6913482 |112.7| 2.85
43 05 ] 15 4 28467407 | 150.0 | 0.53 14956582 | 101.1 | 1.40
44 50 | 100 | 150 0.5 2 4 28485997 | 149.6 | 0.99 12323189 | 102.1 | 2.00
45 05 ] 25 4 28485997 | 149.6 | 0.99 11291193 | 98.4 2.38
46 0.5 3 4 28494125 | 150.0 | 1.29 11399735 | 100.6 | 3.05
47 05 ] 35 4 28479164 | 149.8 | 0.83 11342157 | 98.4 3.65
48 0.5 4 4 28485997 | 149.6 | 0.99 6806052 | 102.9 | 3.93
49 05 ] 05 4 28467407 | 150.0 | 0.53 6910290 | 1116 2.85
50 0.5 1 4 28467407 | 150.0 | 0.53 15530938 | 106.1 | 1.30
51 05| 15 4 28493282 | 150.0 | 3.20 8106342 | 108.6 | 2.40
52 50 | 110 | 150 0.5 2 4 28466277 | 150.0 | 1.99 9455814 | 108.4 | 2.09
53 05| 25 4 28485869 | 150.0 | 2.58 8545499 | 109.8 | 2.49
54 0.5 3 4 28467407 | 150.0 | 0.53 8690323 | 114.8| 3.20
55 05| 385 4 28472800 | 150.0 | 2.88 6909076 | 109.9 | 3.46
56 0.5 4 4 28467407 | 150.0 | 0.53 7014019 | 1119 | 3.90
57 05| 05 4 28494125 | 150.0 | 1.29 9040277 |129.1| 2.01
58 0.5 1 4 28479164 | 149.8 | 0.83 8024509 | 123.0| 1.90
59 | 50 | 120 | 150 | 0.5 | 15 4 28874477 | 129.2 | 0.53 8158726 | 124.8 | 2.03
60 0.5 2 4 28466277 | 150.0 | 1.99 9665842 | 118.4 | 1.90
61 05| 25 4 28472800 | 150.0 | 2.88 8585799 | 120.7 | 2.58
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62 0.5 3 4 28493282 | 150.0 | 3.20 7121889 1199 | 2.95
63 05 ] 35 4 28493282 | 150.0 | 3.20 7205383 | 121.3 | 3.59
64 0.5 4 4 28467407 | 150.0 | 0.53 6460354 | 120.3 | 3.95
65 05 ] 05 4 28874477 | 129.2 | 0.83 9040277 |129.1| 2.01
66 0.5 1 4 28479164 | 149.8 | 0.83 8670739 | 1149 | 240
67 05 ] 15 4 28479164 | 149.8 | 0.83 8663305 | 126.5| 1.70
68 0.5 2 4 28466277 | 150.0 | 1.99 9040277 ]129.1| 2.01
50 | 130 | 150
69 05 ] 25 4 28485869 | 150.0 | 2.58 9211874 |129.0| 2.49
70 0.5 3 4 28494125 | 150.0 | 1.29 7351537 1269 | 3.30
71 05 ] 35 4 28472800 | 150.0 | 2.88 7417762 | 128.8| 3.53
72 0.5 4 4 28466277 | 150.0 | 1.99 6721610 |131.3| 4.00
73 05 ] 05 4 28479164 | 149.8 | 0.83 8583162 | 140.8| 1.90
74 0.5 1 4 28467407 | 150.0 | 0.53 9097828 | 148.0| 2.15
75 05 ] 15 4 28494125 | 150.0 | 1.29 8583162 | 140.8 | 1.90
76 0.5 2 4 28466277 | 150.0 | 1.99 0368855 | 141.0 | 2.09
50 | 140 | 150
77 05 ] 25 4 28472800 | 150.0 | 2.88 10440344 |139.9 | 2.40
78 0.5 3 4 28472800 | 150.0 | 2.88 6899038 | 140.5| 3.03
79 05 ] 35 4 28505465 | 150.0 | 3.78 6966565 | 140.7 | 3.81
80 0.5 4 4 28472800 | 150.0 | 2.88 6943027 | 140.1| 4.00
81 05 ] 05 4 28467407 | 150.0 | 0.53 9368855 | 141.0| 2.09
82 0.5 1 4 28485997 | 149.6 | 0.99 8583162 | 140.8| 1.90
83 05 ] 15 4 28467407 | 150.0 | 0.53 9700499 |148.8| 171
84 0.5 2 4 28466277 | 150.0 | 1.99 9302688 | 147.0| 2.80
50 | 150 | 150
85 05 ] 25 4 28485869 | 150.0 | 2.58 8742691 | 149.3| 2.57
86 0.5 3 4 28472800 | 150.0 | 2.88 7890092 | 1479 | 3.38
87 05 ] 35 4 28472800 | 150.0 | 2.88 7858560 | 148.4 | 3.45
88 0.5 4 4 28505465 | 150.0 | 3.78 6580760 | 127.2| 4.00

Figure 4.6 shows the five lowest life cycle costs of C2 model. It is evident from the figure
that the lowest life cycle cost occurs at 120.3 m? collector area and 3.95 m?® storage tank

volume. The lower collector area as compared to C1 model reduces initial installation cost

thereby reducing the overall life cycle cost of the system.

4.4.1 Configuration-1 (C1)

The optimization process is performed eighty-eight times for each configuration with
multiple combination of initial values. Throughout those results the global minima was
obtained from taking 50 m? and 2 m?® as initial values for collector area and storage tank
volume. Figure 4.7 shows a GenOpt plot window with the results showing the life cycle

cost.
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Figure 4.7: GenOpt's plot window for C-1

Figure 4.8 shows a detail graph of cost-based optimization of C1. Area of collector and

storage tank volume are plotted on x and y axis respectively and life cycle cost on z axis.

The increasing diameter of the sphere shows the progressive iteration steps. It can be seen
from the graph that the lowest cost of 28466277 PKR occurs at 150 m? collector area and

1.98 m?® storage tank volume.

(s9) SOV % 1800

Fiaure 4.8: Cost Based Optimization Plot of C-1
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4.4.2 Configuration-2 (C2)

Figure 4.9 shows GenOpt plot window showing the manipulation of area of collector and
storage tank volume in the specified interval. the simulation starts from the initial value of
120 m? collector area and 4 m? storage tank volume. The simulation tends to reduce life

cycle cost and terminates once the criteria is fulfilled.

= Result overview
Logond Resuts  VOL_TANK OPTVAL
AREA_COLL OPTVAL1

2 30 10 50 50 7
result number

Figure 4.9: GenOpt's plot window for C-2
Figure 4.10 shows that a minimum life cycle cost of C2 is found to be 6460354 PKR having
optimum collector area of 120.3 m? and storage tank volume to be 3.95 m®. The reason for
the life cycle cost so smaller than C1 is that most of the time in a year the hot water exit
temperature from the absorption chiller is higher than the minimum operating temperature
required by the absorption chiller. Hence, the flow divertor installed after absorption chiller
diverts the flow towards the chiller instead of sending it to the storage tank. In the case
when the flow is diverted back to the chiller the system avoids the mixing the hotter fluid
returning from the chiller and the colder fluid present in the storage tank. Hence reducing

the mixing losses and therefore, reducing the operational cost of the system.
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Figure 4.10: Cost based Optimization plot of C-2

4.5 Optimum Model:

After the collector’s area and storage tank volume are optimized for minimum life cycle
cost of both configurations the next step is to analyze different parameters of the optimum
models for both configurations.

4.5.1 Fluids Temperature and Heat Transfer Rates

The fluid inlet and outlet temperatures at various points and the heat transfer rates at
different components were analyzed for both configurations for a typical week of June
having the highest cooling load demand throughout the year. Figure 11 and 12 shows the
inlet and outlet temperature of the absorption chiller (e.g. Tg,i and Tg,0), the collector outlet
temperature (Tcol0), the storage tank outlet temperature (Tsto), the chilled water inlet and
outlet temperature (Tchiand Teno), the cooling water inlet and outlet temperature Tew (i and

Tew,o) and the conditioned space temperature. It is evident from the figure 4.11 and 4.12
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Figure 4.6: Variation of fluids temperature in a typical week of June for C1

that the difference in the collector output temperature and storage tank output temperature

is significant in C1 as compared to C2. The storage tank output temperature remains below

the chiller required temperature of 90 °C for most of the simulation time in the week. While

in C2 on the other hand, the storage tank outlet temperature remains higher than the chiller

required temperature for the last couple of days of the week.

From the same simulation time, the resulting pattern of COP, fraction of the chiller nominal

capacity and the heat energy rates of the solar thermal collector (Qsolar), auxiliary boiler
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Figure 4.7: Variation of fluid temperature in a typical week of June for C2
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Figure 4.8: Variation of Heat transfer rates, COP and fraction of chiller capacity in a typical week of
June for C1

(Qpouer), generator (Qp,,), condenser (Q.,) and evaporator (Q.,) are also depicted in
figure 4.13 and 4.14 for C1 and C2 respectively. The results reveals that the overall values
of COP, fraction of chiller nominal capacity remains the same for both configurations due
to the similar values of the evaporator (Q.), generator (Qy,,) and the condenser (Q,,) heat

flows of the chiller for both configurations. The difference only lies in the boiler energy
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Figure 4.9: Variation of Heat transfer rates, COP and fraction of chiller capacity in a typical week of
June for C2
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(Qpouer) profile. Auxiliary boiler in C1 configurations remains ON for most of the time
and for the whole week, while in case of C2 the boiler remains almost OFF in the last
couple of days of the week. Thereby reducing the operational cost of the system.

4.5.2 Collector Efficiency

Monthly collector efficiency for C1 and C2 are shown in the figure 4.15. The collector
efficiencies presented here are for the optimum collector areas. The collector efficiencies
for C1 remains in the range of 0.61-0.84 with an average yearly efficiency of 0.71. Whereas
C2 itremains in the range of 0.31-0.67 with an average yearly efficiency of 0.50. the results
reveal that for C1 the efficiency of the collector increases in the summer season due to the
abundant available solar energy while C2 shows the efficiency trends in contrast with C1.
The efficiency begins to fall once the summer season starts. The main reason for this fall
in the efficiency values for the summer season is that the efficiency of the solar collector
is the function of collector’s inlet temperature and ambient temperature. According to Eq.
3.3 the collector’s efficiency decreases as the difference between the collector’s inlet
temperature and the ambient temperature increases. The collector’s temperature profiles of
this study reveals that in C2 the average collector temperature remains elevated from the
ambient temperature in the summer season which instead of absorbing heat from outside,

rejects heat to the surrounding thereby decreasing the efficiency.

#C2 mC1
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Aug

g July
O June
May
April
March
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Jan

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Efficiency (1)

Figure 4.10: Average monthly collector efficiency for C1 and C2
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4.5.3 Solar Fraction

Solar fraction is calculated to find the share of renewable energy in the total required energy
by the system. The average monthly solar fractions were calculated for the optimum
collector areas for both configuration models. It is evident from the figure 4.16 that C1
have more solar fraction than C2. The results show that the solar fraction for C1 lies in the
range of 0.08-0.35 with an average value of 0.22. the solar fraction of C2 model is found
to be in the range of 0.08-0.16 with an average value of 0.13.

mC2 =C1

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Solar Fraction

Figure 4:11: Average monthly solar fraction for C1 and C2

4.5.4 Storage Tank Temperature

Figure 4.17 shows the average monthly storage tank temperature for both configurations.
The figure clearly illustrates that for C1 optimum model, the average storage tank
temperature remains below the minimum temperature required by the hot water absorption
chiller hence, energy from the boiler is required for the whole year to meet the chiller’s
operating criteria whereas, the average storage tank temperature of C2 model remains
elevated from the threshold temperature required by the chiller the whole year except for
the month of January and February. This is because, in C2 the fluid in the solar loop keeps
circulating most of the time until the temperature returning from the chiller drops to the

threshold point.
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Figure 4.12: Average Monthly Storage Tank Temperature for both C-1 and C-2

4.5.5 Energy Losses from the Storage Tank:

Figure 4.18 illustrates the average monthly losses from the stratified storage tank. It is
evident from the figure that the heat lost from the tank is proportional to the average tank
temperature. The comparative analysis of both configurations shows that energy losses in
C1 are smaller in magnitude and remains approximately the same for the whole year.
Whereas for C2 its relatively higher in magnitudes and have a substantial increase in

magnitude for the summer season due to the higher average storage tank temperature.
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Figure 4.14: Average Monthly Heat Loss from the Storage Tank
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4.5.6 Boiler Energy Input

An auxiliary boiler only gets ON when the required temperature of the working fluid is not
been achieved by the solar collectors. Figure 4.19 shows the monthly average energy
required by the boiler to raise the temperature of the working fluid to the required level. It
is evident from the figure that C1 requires a substantial amount of boiler energy input for
whole year. This large amount of energy input increases the operational cost of the system
thereby, increasing the life cycle cost of the system. Whereas C2 requires nominal amount
of energy in the summer, because due to the recirculation of the fluid in the solar loop the
average storage tank temperature remains higher than the temperature required by the
chiller. This lower energy input by the boiler reduces the operational cost and thereby the
life cycle cost of the C2 model. As the energy required by the system is mostly fulfilled by
the solar energy hence it reduces the combustion of natural gas in the boiler and thereby

reducing the emissions of greenhouse gases from the boiler.

mC-1 mC-2

Energy Supplied x 108 (kJ/h)

Jan Feb March Aprii May June July Aug Sept Oct Nov Dec
Month
Figure 4.19: Average Monthly Energy Supplied by the Boiler

4.5.7 Economic Analysis

The economic analysis of the system is performed based on simple payback period. The
simple payback period tells the number of years in which our initial cost will be recovered
from savings, without considering the net present value of inflows. In the analysis both
configurations were compared based on power consumption by the boiler per year and
savings in PKR per year, with the base model (e.g. with no solar loop). It was found that

the energy consumed by the boiler in a base model was 297576.7 kW per year with an
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operational cost of 1600962 PKR per year. The initial capital cost for the optimum
parameters (e.g. collector’s area, storage tank volume) was 46.56 million and 39.25 million
for C1 and C2, respectively. The energy savings after installing solar loop in the model
was found to be 98050 kW and 226904 kW for C1 and C2, respectively. Savings in PKR
at a rate of 5.38 Rs. / kWh was found to be 0.527 million and 1.22 million for C1 and C2,
respectively. Figure 4.20 shows the payback period for both models and it was found that
C2 has a payback period of 3.2 years as compared to C1 which have 8.8 years.
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Figure 4.17: Economic analysis of C1 and C2 models
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Chapter 5: Conclusions and
Recommendations

5.1 Conclusions:
This study demonstrates the cooling of a cold storage building located in Mardan, Pakistan
with a peak load of 82400 kJ/hr. (22.88 kW) through a single effect absorption chiller
connected to evacuated tube solar collectors and a hot water storage tank. The cooling was
achieved by modelling a SAC system in TRNSYS in two different configurations.
a) The parameters which mainly effects the Life cycle cost of a SAC system are
Cost of the collector per square meter, cost of storage tank per cubic meter and
cost of natural gas per KWh.
b) SAC system can be used for cold storages to achieve the required conditions
throughout the year.
c) The configuration-2 having a flow diverter after the chiller is more feasible than
the Configuration-1 with no flow diverter.
d) The minimum life cycle cost for C-1 and C-2 is estimated to be 28466277 PKR
and 6460354 PKR, respectively.
e) The optimum collector area for C-1 and C-2 is estimated to be 150 m? and 120.3
m?, respectively.
f) The optimum hot water storage tank volume for C-1 and C-2 is estimated to be
1.98 m®and 3.95 m®.
g) The average hot water storage tank temperature remains higher than the chiller
required temperature for the whole summer.
h) C-2 requires a very nominal amount of boiler energy in the summer season.
i) Because of the lesser boiler energy input, C-2 is considered to have less

greenhouse gases emission to the environment
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5.2 Future Work Suggestions:

a)

b)

c)

d)

f)

9)

The system can be revised to be used for heating processes in the storage
facilities.

The number of hot water storage can be increased to more than one. It might have
a positive impact on the overall system performance.

A cold-water storage tank can also be used for storing the cold water for off peak
hours.

SAC can be modelled for different cold storage having different condition space
requirement (e.g. Egg storages need 4 °C temperature).

The performance of the system may be assessed by using fluid other than water.
Use of nanofluids in the solar collector might increase the specific heat capacity
of the fluid and it might have good effect on the energy capture from the collector.
Double and triple effect absorption can also be studied to meet the cooling load

requirements.
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Appendix 1

Modelling and Optimization of Solar absorption Cooling
system for Cold Storages in Pakistan

Musannif Shah?, Adeel javed?, Hamid Ikram®

US-Pakistan Centre for Advance Studies in Energy, National University of Science and Technology

(NUST) Islamabad, Pakistan, shah.musannif3@gmail.com

Abstract:

Cold storages are widely practiced methods for bulk
handling of perishable fruits and vegetables.
Conventional Cold storages are considered major
consumer of electricity. Generally, vapor compression
cooling systems are installed to achieve the required
cooling conditions in conventional cold storages. Due
to the energy crisis and load shedding in Pakistan, cold
storages are not able to provide the required cooling in
time to the food items. Solar energy can be efficiently
used to fulfill the cooling requirements of the cold
storages, while using the thermal operated cooling
systems. The aim of this research is to model solar
absorption cooling system for banana cold storage
located at Peshawar for required temperature of 15 °C
using dynamic modelling tool TRNSYS. Furthermore,
several energy conservation measures have been
simulated for cold storage building design (building
envelop, insulations etc.) to explore developments in
reducing cooling load and power consumption. Results
revealed that actual cold storage with an operating time
of 9 hours a day has maximum cooling load of 69270
kJ/h which reduced to 65200 kJ/h after applying
energy conservation measures. A simulation model
that contains Evacuated tube collectors (ETC), storage
tank, absorption chiller and building was developed.
Results depict that absorption system of rated capacity
60,000 kJ/h is required to achieve the required storage
conditions. The study also reveals that to increase
reliability of the system, an optimized model
containing 35 m? collector area, hot water storage tank
of 1.5 m® volume is required to provide effective
cooling.

Key words: Cold Storage; Absorption cooling system;
Solar collectors

Introduction

Increased energy demand and depleting fossil
fuels has led to reduced natural resources. Extensive
use of fossil fuels which releases greenhouse gases has
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adverse effect on environment[1]. Refrigeration is an
energy consuming process and is responsible for
approximately 1% of global GHG emissions. Cold
storage consists of small stores having area 10-20 m?
to large warehouses containing thousands of cubic
meters. It contributes as a major electrical consumer
in the commercial building sector. On average, the
refrigerated facilities consume about 25 KWh of
electricity and 9200 Btu/ft? per year. The function of
the cold storage is to maintain the exact temperature
for the storing product and to preserve the food
quality[2]. A study conducted by foster showed that
the specific energy consumption for chilled storages
is 55.8 KWh/m? per year, and for frozen storages is
69.4 KWh/m3 per year[3]. An investigation on multi
floor large scale refrigerated warehouses was carried
out in China and a rough estimate of the specific
energy consumption of 73-91.3 KWh/m3 per year
was calculated[4].

The refrigeration system needs to be designed as to
provide the maximum refrigeration requirement.
Mainly, the peak demands occur in few hours of the
year otherwise the systems operate at the lower
capacities [5]. Designing a refrigeration system for a
building based on maximum cooling load results in
increasing initial cost of the system[6]

The refrigeration system is based on two cycles,
vapor compression and vapor absorption. Vapor
compression is widely used system and is known as
conventional systems. It has higher COPs, lesser
weights and smaller sizes than the other systems. The
major disadvantage is the utilization of CFCs and
HCFCs in the vapor compression cycle, thus release
of harmful refrigerants to the environment and
causing the depletion of ozone layer.[7], [8]. On the
other hand, the absorption system uses clean, free
and renewable solar energy as an alternate to reduce



the electrical demand and to meet the cooling load of.

a building.[9], [10]. Besides, the working fluid for
the absorption systems are water, methanol etc.
which are environmentally friendly and have no or
less impact on the depletion of ozone layers.[8]

In this study advance renewable energy software
TRNSYS 17 is used to develop a simulation model of
SAC system, which is being used by researchers
around the world to study new energy concepts in
renewable energy.

There had been a detailed theoretical and experimental
studies on solar absorption air conditioning. A detail
modelling and simulation of a solar absorption cooling
system (SAC) for Abu Dhabi was been done by
Islam[11]. A simulation base study using TRNSYS
software was done by Balghouthi to select and
optimize different components of a Solar Absorption
Cooling system for Tunisia conditions[12]. A
simulation and optimization analysis of a LiBr/H,O
SAC system was done by Assilzadeh. In the study
Evacuated tube collectors (ETC) were used to heat
water. It was concluded that to get uninterrupted

operation and to improve reliability of operation of g,

system, a hot water storage tank of 0.8 m3is necessary.
For climate conditions of Malaysia an optimum system
of 3.5 KW requires solar collectors of area 35 m2[13].
Florides modeled and optimized a SAC system for
residential buildings for Cyprus using TRNSYS[14].

Research Methodology

The steps followed for modelling and simulation
of solar cooling system for cold storages are shown in
Fig. 1. Following is the detail description of each step.

Existed cold storage building was modeled in
TRNSYS supported Sketchup (Google Sketchup) as
shown in Fig. 2.

Weather data for location was imported from
TRNSYS library as TMY file. Weather file consists of
annual solar beam and diffused radiations, ambient dry
bulb and wet bulb temperature, relative humidity and
wind velocity.

The maximum cooling load demand is calculated for
existing cold storage building to estimate the size of
cooling system.

Energy conservation measures are applied to
investigate reduction in maximum cooling load
demand of building. Energy conservation
measures consists of increasing insulation thickness
and applying steel cladding for thermal insulation.

Selection of suitable components from TRNSYS
library to model a solar cooling system.

Building Weather Data
Model

TRNSYS Components
Suitable selection
SAC System Adjusting operating
parameters
[ Modelling ]
[ Simulation ]
[ Results ]
[ Optimization ]

Figure 32: Technical approach of the study

Optimization of system components to avoid
oversizing of components and reduce initial cost of
the system.

Figure 33: TRNSYS model of cold storage building

2.1 System Description

Complete Solar assisted absorption cooling
system model is shown in Fig. 3. Solar absorption
cooling complete model consist of 3 loops: hot water
loop, cooling water loop and chilled water loop.

Hot water loop: It consists of ETC which receives solar
energy from sunlight. The fluid in this loop is water
which absorbs energy from the collector which results
in rising its temperature. The hot water from the
collectors goes into thermally insulated stratified hot
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5. Figure 34: Model of SAC system in TRNSYS studio

water storage tank and then circulates back to
collectors via constant speed pump. Stratified storage
tank is used to increase the reliability of the system and
continuous supply of hot water. The hot water from the
storage tank then passes through boiler which works as
auxiliary heater. It only heats water when it is below
its set point temperature. After passing this hot water
from generator of absorption chiller it returns to
storage tank completing hot water loop.

Cooling water loop: It consists of a closed circuit
cooling tower and pump. The cooling water which
circulates in this loop removes heat from absorber and
condenser (Qa and Qc) and rejects it to the atmosphere
as shown in the Fig.

Chilled water loop: It consists of an evaporator, pump,
fan and a thermostat controller. Chilled water from
absorption chiller enters cooling coil where it absorbs
heat from conditioned space and returns back to chiller
via pump as shown in Fig. Thermostat gives control
signal to single speed fan which circulates air from
conditioned space through cooling coil.

Following is the mathematical description of important
components of SAC system.

Evacuated tube collector

A TRNSYS Type 71 ETCis used in modeling the
system. The efficiency of an ETC can be determined
by Eq. 1.

@r)

(AT)?
n=ap—a1— —ar——
It

It

(1)

where, ag is collector optimal efficiency, a; and a; are
first and second order heat loss coefficients. AT is
equal to (Ti — Ta), which is difference between inlet
temperature of working fluid and the ambient
temperature respectively, and I; is the incident
radiations on collector aperture.

Table 1: Parameters of collectors
rameter  pscription alue
bllector acuated tube collector
pe
Co ecific heat of fluid 4.19
0/kg K)

'H ficiency mood (Ti-Tamb)
M-test ow rate at tested 3
ndition (kg/hr m?)
ao tercept efficiency 0.7
ai ficiency slope (kJ/hr | 10

P K)
a ficiency Curvature | 0.03
0/hr m? K?)
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The thermal efficiency of collector is defined by
parameters ao, a; and a; values of these parameters
are given in Table. 1.

2.3 Absorption chiller

2.4

A hot water fired single effect, LiBr-H;O
absorption chiller (Type 107) is used in modelling of
system.

The performance indices are calculated as follow:

The coefficient of performance (COP) of absorption
cooling system is given in Eq. 2.

Qchw
Qnhw+ Qaux

COP = 2
Where, Q. iS the energy removed from chilled water
stream, Qy,,, iS the energy removed from hot water
stream and Q,,x iS the energy consumed by various
electrical components such as pumps. The COP of
single effect absorption chiller ranges between 0.5-0.8
and for double effect absorption chiller it ranges
between 1.1-1.4[15]. Most of researches uses single
effect absorption chillers due to their low initial,
operation and maintenance cost[16].

The solar fraction (SF) is the fraction of cooling load
that is met by solar energy. It can be calculated by
Eq.3.

SF = Qcoll

Qcol1+Qaux heat

©)

Where: Q.,; is the energy delivered to hot water
stream by solar collector array and Qg heat 1S the
energy delivered to hot water stream from auxiliary
heater boiler.

Actual Building Description

The selected cold storage is located in Peshawar,
Pakistan. Building has a floor area of 111.57 m? and
four external walls of height 4 m. It has a single door
on south side wall of building with an area of 4.5 m2.
The walls of cold storage building are made of 0.200
m thick common bricks layer with 0.012 plaster layer
on the inner side. Roof is made of 0.10 m thick heavy
weight concrete along with a layer of 0.10 m common
bricks. The walls and roof are thermally insulated with
polystyrene material of thickness 0.025 m. The floor is
made of 0.130 m heavy weight concrete.

2.5 Modification in the Building

In the modification of building the thickness of
insulation material was increased to 0.051 m and a thin

sheet of steel of thickness 0.005 m was used for
cladding the inside walls and roof of building.

2.6 Heat gains

Building cooling load was based on building
envelop and internal heat gains. Gains were set
according to 1SO7730 standard with 8 persons,
heavy work and lifting (470W), artificial lightning
with a heat gain of 10 W/m? and a miscellaneous
radiative power load of banana (178266 kJ/hr) with
a schedule of 8 am to 5 pm daily.

2.7 Initial Component sizing

To obtain a base line for simulation, initial sizing
of system components was done as shown in Table.
2. To reduce the initial cost of installation, sizing of
chiller is done about 5% less than the maximum
cooling demand because maximum load only occurs
for one day in whole year and for the rest of year it
operates on part load.[5]

Table 2: Initial component sizing

Component Size
Absorption chiller 60000 kJ/hr
Solar collector area 35m?

Hot water Storage | m3
tank
Slope of Collector 30°

Results and Discussions

Fig. 4. shows monthly average ambient
temperature and percentage relative humidity for
Peshawar, Pakistan. it is evident from the figure that
ambient temperature is maximum in the month of
June whereas, percent relative humidity is minimum
in this month. Fig. 5. shows monthly radiation data
for Peshawar including both beam and diffuse
radiations. It is evident that total solar radiations are
maximum in May and June having values of 1043
kd/hr m? and 1089 kJ/hr m? respectively. It shows the
potential of renewable solar energy available when
cooling requirements are maximum.
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Figure 35: Monthly average ambient temperature and

percentage relative humidity for Peshawar
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Figure 36: Average monthly beam and diffuse
radiations for Peshawar

Hourly cooling load demand of actual building and
modified building was calculated by maintaining
storage temperature at 15 °C as shown in Fig. 6. and
Fig. 7. respectively. Calculating maximum cooling
load is essential for estimation of the size of SAC
system. Investigating the figures reveals that
maximum cooling load demand of actual building
occurs in the month of July which is about 69270 kJ/hr.
After applying the energy conservation measures there
was 5.87% decrease in cooling load. The maximum
cooling load demand of modified building reduces to
65200 kJ/hr. Fig. 8. shows a comparison of monthly
average cooling load of existing and modified
building. It is evident that there is an enormous
decrease in cooling load demand for summer.

Cooling Load (MJ/hr)

Jan  Feb Mar Apr May June July Aug

Months

Sept Oct Nov Dec

Figure 37: Hourly cooling load for actual building
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Figure 38: hourly cooling load for modified building
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Figure 39: Monthly average cooling load of actual
and modified building
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3.1 Optimization of the system Components

The system optimization was done to determine
Solar collector area and hot water storage tank volume
at which the system achieves a highest yearly solar
fraction without oversizing to minimize capital cost of
the system. For this purpose, system component
simulation model was run several times to get required
results. Fig. 9. shows annual solar heat gain as a
function of storage tank volume. As seen from the
figure by increasing tank volume from 0.5 m®to 5 m®
the solar heat gain first begins to increase and reaches
a maximum value of 2694 MJ at tank volume of 1.5
mé. By further increasing volume, solar heat gain
reduces therefore it is appropriate to use 1.5 m® volume
storage tank.
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Figure 40: Effect of volume of storage tank on solar
heat gain
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Figure 41: Variation of solar fraction with co//ecrﬁ{]
area

Fig.10. shows variation of solar fraction with
collector area. As the collector area increases solar
fraction also increases upto 35 m2. But if we further
increase area, the slop of graph gets decreasing and
rise in the solar fraction is comparatively less
therefore the optimize solar collector area is 35 m?

4, Conclusion

Modelling and optimization of solar assisted
absorption cooling system for a cold storage in
Peshawar, Pakistan has been carried out. Results
from simulations reveals that after applying
modification and energy conservation measures to
cold storage building the maximum cooling load
reduced from 69270 kJ/h to 65200kJ/h. The
optimization analysis conducted for the system
sizing reveals that an evacuated tube collector array
of 35 m? area and 1.5 m® hot water storage tank are
appropriate to use so that to minimize the initial cost
and increase the reliability of the system.
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