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Abstract

Integrating solar thermal collectors into industrial processes could be a viable way to replace
the use of conventional fuels and achieve economic and environmental goals. However, there
is a need to consider the detailed dynamic operation of a system with storage on a systematic
control scale to fully optimize the realistic system performance under variable conditions by
minimizing excess energy production and maximizing the annual life-cycle cost savings. In
this study, we developed a TRNSYS-based dynamic statistical optimization model and
evaluated FPC-based solar-assisted heating systems to achieve a cost-effective system design
for two industries: MOHA soft drinks and Sheba leather factories in the Tigray region,
Ethiopia. Three operating loads were compared: process heat, utility heat, and utility heat and
chilled water. The optimized designs produced significant annual life-cycle cost savings, high
solar fractions, and a good margin on temperature trends where the size of the solar collector
has a greater impact. The annual cost savings per unit area of solar collector for process and
utility heat was in the range of $51-90/m? for collector mass flow and storage volume of
0.01-0.02m3/h-m? and 0.04-0.08m3/m?, respectively. For utility heat and chilled water loads,
the values were $49/m? for a mass flow rate of 0.04m3h-m? and a storage volume of
0.07m3m?2. Thus, the study supports the transient analysis of solar-assisted industrial heat.
The case studies have shown that the method provides optimal solutions for using solar
thermal. As investment and financial sourcing remain a priority challenge, the model and
case study results could help decision-making for similar and other production capacities,
regions, industries, and solar technologies.
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Highlights

Develops an economic optimization model for solar-assisted heat.

Considers soft drink and leather processing industries in Ethiopia.

Compares 3 load conditions with flexible heat integration.

Optimized configurations solar fraction reached 99% for heating and 35% for cooling.
Optimized configurations yielded annual cost savings of $49-90/m?.

Nomenclature

Abbreviations

ACH Absorption Chiller
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1. Introduction

Conventional energy savings and low environmental impact are important elements for the
conversion of the energy system to renewable energy sources. One way to replace
conventional energy sources is to use SIH. In this work, SIH refers to different solar thermal
technologies that absorb sunlight in the form of thermal energy and are combined with
conventional utilities to transfer heat to an industrial process and provide a required heating
load. The potential for the use of SIH systems is enormous in most countries around the
world. Nevertheless, this potential is not exploited in many countries, especially in
developing countries that suffer from energy shortages as social awareness of their potential
and investment is generally limited [1]. SIH also has implementation issues, as solar energy is
not stable for processes in industries that require on-demand energy [2]. The analysis
presented in [3] also highlights the widespread use of low-cost coal as boiler fuel in South
African industries, which poses a challenge to SIH deployment. However, companies using
petroleum-based boiler fuels or electricity have a higher potential for savings if they adopt
SIH. Therefore, the pursuit of continuous and optimal supply options based on least-cost
planning can be considered as the backbone of this work, which in turn takes into account the
diversification of the energy system and the associated high investment costs [4].

In recent years, the techno-economic and environmental viability of SIH plants has been
studied in detail to achieve economic benefits, environmental benefits, or a mixture of both.
For analysis of heat production, the characterization of solar radiation and producing
industries is a starting point. This could help in understanding the solar potential and key
industrial requirements. In practice, measured solar irradiance data is the most accurate but
not always readily available, so a variety of models are used to estimate solar irradiance [5].
The amount and temperature level requirements in processing industries depend on the nature
of the process. In addition, some processes have a continuous demand throughout the day,
while others have a concentrated demand at certain times. The demand may vary daily, on
certain days of the week, or throughout the months [6]. Thabit and Stark [7] studied the
effects of work patterns on SIH in the United Kingdom and showed that low-temperature
systems can provide 95% of the required thermal energy on clear and sunny days. Another
condition that must be considered in the development of SIH is the choice of solar technology
[8]. Primarily, solar technologies must be carefully selected to determine the best thermal
performance. It should also be noted that 50 to 70% of the total system cost is attributed to
the solar collector [9]. Kumar et al. [10] reported the results of a techno-economic analysis of
their theoretical framework in the cotton-based textile industry for hot water and steam
generation. It is found that SIH systems for hot water generation using FPC can be a good
choice, while SIH systems for steam generation using PTC have longer payback periods and
lower returns on investment. Experimental results by Garcia et al. [11] in the meat industry
with large volumes at temperatures above 80°C have shown that the deployment of solar hot
water systems using ETC can be profitable in a wide range of locations and scenarios in
Europe and that a return on investment (1.1€ per € invested) can be achieved and the heat
supply can exceed 50% of the energy demand of almost 85000kWh/year. Among the techno-
economic performance studies in Africa, a case study was conducted to investigate the
technical and financial feasibility of a solar-powered industrial agro-processing system in
Algiers [14]. Based on the connection type of the solar collector for which the economic
feasibility study was carried out, an appropriate design of the system was determined by
analyzing the LCOH savings. The design of the thermo-solar process was based on the F-
chart method by integrating the incidence angle modifier using real and experimental data
requirements to determine the realistic achievable performance of the solar process. The
results show that the electrical energy savings achieved by the solar system are an
economically viable option compared to the electrical system currently in use at a solar



coverage rate of 80%. The investment depreciation balance shows that the use of such a solar
thermal system is more competitive than a fossil fuel system when the electricity price in the
country increases from 0.048 to 0.075€/kWh. In a case study of large-scale solar thermal
systems in South Africa, 10 proposals for competitive bidding were compared in terms of
cost, application, and benefiting industries. The proposed system installation costs varied by a
factor of 2.5, indicating the low maturity of this market. The winning proposal has a gross
collector area of 120.7 m?, 7.9 €c/kWh LCOH, 16.7% IRR, and a payback period of 9.3 years
[15].

In the past, few studies have been published that addressed SIH operation for variable
temperature applications with maximum solar utilization. According to Porras-Prieto et al.
[16], the energy performance and hot water extraction potential of a solar water heater with a
heat pipe ETC, energy distribution and storage, control, and monitoring for different required
temperatures (40°C, 50°C, 60°C, 70°C, and 80°C) were experimentally studied. Essentially,
this was the same system that is commercially available for water heating, with the difference
that the control subsystem allows the water tank to be set at different temperatures. The
results show that the net energy that can be stored by the device decreases as the temperature
of the water tank increases. Another similar study by Mazarron et al. [17] investigates an
experimental setup for a solar water heater with ETC in two scenarios: maximum profitability
(100% usage) and assumption of a certain demand combined with diesel. In scenario 1,
differences in net present value and a payback period of more than two years were obtained
when going from 40°C to 80°C. However, the investment would pay off at any desired water
temperature in the tank. In scenario 2, the analysis shows that the investment in the solar
system can be profitably compared to a single system running on diesel, if the solar system is
properly sized and the number of solar collectors is optimal, with a reduction in diesel
consumption of almost 70% with a total annual irradiation in the collector plane of almost
2000 kWh/m?2,

Rather than maximizing solar utilization, SIH systems have also been studied by optimizing
various design parameters to achieve economic benefits. In a study by Silva et al. [18], a
thermo-economic design optimization of a PTC system was performed considering different
economic objective functions to design an optimal system based on the annual thermal
simulation performance of the system. They performed a multi-objective optimization routine
to find the optimal trade-off between the payback period and life cycle savings. In Franco’s
study [20], the design of a SIH plant was optimized using an approach that considers a
synthetic combined energy and economic benefit function. The SIH plant was hybridized
with natural gas and the solar fraction of the plant was maximized by up to 80% by
optimizing the design with the proposed method. Among the optimization studies in Africa,
the economics and optimal parameters of solar hot water systems for industrial processes in
Alexandria, Egypt were investigated [12]. The industries covered were soft drinks and
vegetable oil. Weather data for Alexandria, Egypt (31.2° latitude) were used. Economic
calculations were based on ALCS. The F-chart method was used to estimate the long-term
annual heat output of the system. The main results show that these systems are preferable to
the conventional heating systems currently used in the Egyptian food industry and that
significant ALCS can be achieved with solar heating systems. MATLAB-based mathematical
modeling by Siyoum et al. [13], conducted for boiler feedwater heating in the beverage
industry to provide heat at 85°C using ETC in three cities in Ethiopia (average daily solar
radiation of 4.7 to 7.6 kWh/m?), showed significant fuel savings and CO; reduction potential
of the system with optimized tilt angles of the collector. In the study by Allouhi et al. [19], an
optimization process was carried out to size ETC to supply heat to four different processes at
different temperatures, using a Moroccan milk processing plant as a case study. In this
system, a stratified hot water tank was used to supply the four different processes at different
temperatures. The analysis resulted in an optimized ETC area, tilt angle, and hot water
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storage volume to maximize ALCS. Overall, a comprehensive review of design optimization
methods used for SIH systems can be found in [21].

From the literature reviewed, it appears that there is considerable research on optimizing SIH
systems through more efficient operational and design considerations. However, there is a
need to consider the detailed dynamic operation of a SIH system at a systematic control scale
to fully optimize realistic system performance under variable conditions by minimizing
excess energy production (maximizing solar utilization) and maximizing ALCS. Methods
that take this approach can extend the findings from studies that use effective low-level
control of flexible heat integration systems. This gap previously motivated a research work
by Immonen et. al. [22], which focused on a heuristic operation optimization scheme for a
PTC system. Using the developed optimization scheme, the control set points for the HTF
outlet set point temperature and the amount of delivered heat split between two processes
were continuously optimized to minimize the backup fuel consumption. This earlier study
took a limited approach in that it did not consider ST, which may allow the system to
contribute a larger solar fraction and ALCS while considering the overall system investment.
It is clear that the addition of ST and the capital cost to improve storage management must be
considered. Therefore, the current work is based on studies that perform economic
optimization of SIH systems with ST considering ALCS. These previous studies led to the
hypothesis that a SIH system with TS, which uses a systematic control scheme, can
efficiently handle solar and load variations to provide heat in an economically optimal
manner throughout the operating period. It is expected that optimized system performance
and economics can be developed and studied through these optimization methods in
conjunction with detailed dynamic operation and control. This will allow SIH systems to
operate more economically and smoothly, and help eliminate the problems associated with
using solar thermal for industrial heat.

Overall, the work in this study provides a new design process and methodology for the SIH
system operation with ST to maximize ALCS. The methodology is based on a transient
system analysis solved on a time scale of seconds to find optimal operating conditions and
design parameters for a SIH system with flexible heat integration. Asc, msc, and Vst were the
controlled design variables. The model controls SP with Csp and simulates Tsc and Tout_sc by
continuously monitoring Tiop, sT. It incorporates accurate dynamic SO through a combination
of adaptive DOEs to find optimal design parameters. Two factories, three operation cases,
and two case study days were highlighted to show the trends of dynamic optimization
solutions for different types of industries, integration points, and solar days. Finally, to
illustrate the impact of design parameters, the sensitivity to the economic and thermal
performance parameters was investigated by changing the design parameters.

2. Methods

In this section, the design of the SIH system proposed in this work for the integration of the
process and utility levels is presented. First, the key system components and flow lines are
presented. Then, the dynamic simulation, economic optimization, and thermal performance
analysis methods are presented. Finally, data acquisition and processing for solar resources
and industrial loads, as well as typical system performance values and economic parameters
are summarized.

2.1. Physical structure and operation of the system

Figure 1 shows a schematic diagram of the proposed system, its components, flow lines, and
control lines.
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Figure 1: Proposed thermal energy and control signal flows for heating and cooling demands

In the proposed system, the main components of a solar system for PHWD, SHWD, and
CHWD consist of SC, ST, BH, ACH, and BC. BH and BC are supplied by BB and BCH. In
most cases, existing heating and cooling technologies in the industry were considered as BB
and BCH rather than investing in new equipment to reduce the overall capital cost. These
components are interconnected by piping and the flow in the various piping is controlled by
actuating SP, V, Mc, and M.

Mass and control signal flows are involved to provide the required heating and cooling
effects. These flows include the HW flow, the CW flow, the CHW flow, the steam flow, the
water/glycol solution flow, the Csp control signal, the BB control signal, the V control signal,
the CacH control signal, and the BCH control signal. Three loops were considered: Solar
loop, Heating load loop, and Cooling load loop. The solar circuit consists of SC, ST, internal
BH, and SP. The heating load loop consists of ST, V, Mc, My, BH, PHWD, and SHWD. The
cooling load loop is based on ACH, BC, and CHWD.

In the solar circuit, the amount of solar radiation received by SC is affected by |, Asc, and the
structure and material properties of the collector. The heat generated in SC is transported
through the hydraulic circuit to ST. SP is turned on and off by a differential controller Csp,
which compares the measured temperatures Tin sc, Tout sc, and Tiwp st With the reference
temperatures Tupp_db, Tiow_db, @8Nd Tset sT. The msc in the solar circuit depends mainly on Asc,
collector structure and material properties, and the properties of the HTF used in the system,
such as p and Cp. SC, which is intended for hot water supply, usually uses water-based HTF;
pure water is ideal (very cost-effective) for locations where freezing temperatures do not
occur. When solar energy is sufficient to raise Twp st, the heat needed for industrial
consumption is supplied by SC and the excess is stored in ST, represented by the positive
heat swing (+AQst) until it reaches Tse st. From this point on, all the excess heat is
dissipated. On the other hand, if the heat absorbed by SC is insufficient to meet the useful
energy demand, the heat accumulated in the tank is used to make up this difference, which is
represented by the negative heat variation (-AQsr). In this case, to maintain the required
Tset_st OF Thwp, BB is activated and transfers Qgn to the internal or external BH. This thermal



inertia of the ST stabilizes the Tout st and simplifies the differential control for the circulation
and the supply of the solar field.

In the load circuit, min_ mw can flow directly to ST or can be partially or fully diverted to
become min_st based on a comparison between Thwp, Tmw, and Tip st. This flexible heat
exchange is fulfilled using V, Mc, and Mn. In this way, the storage delivers heat (Qsin) to the
end users. For chilled water consumption, a differential controller Cach is used to activate
ACH based on Tin Hw OF Ttop_sT, Tout cw, and Tout cHw. Thus, the chiller extracts heat (-QacH)
from the end users. The BCH extracts (-Qgc) from the BC as needed and are based on Tchwp.

2.2. Dynamic simulation and optimization

2.2.1. The simulation tool

TRNSYS [23] is one of the most popular simulation system programs with a complete and
extensible simulation environment and modular structure for simulating systems with
transient behaviour. The model design starts in “Simulation Studio” with the components
available in the library, which are marked with the prefix “Type”. These are independent
mathematical models (algebraic and differential equations) that can function both
independently and in assembly. Based on the assembled components, the "Deck File", called
the input text file, is created for the "Simulation Engine", which reads and processes the input
file. The engine iteratively solves the system, determines convergence, and displays the
system variables. The output managers are used to review the simulation results and fine-tune
the simulation. They also generate a variety of user-defined reports on the simulation.

2.2.2. Model development and setup

Since the primary purpose of this analysis is to perform a dynamic simulation of the SIH
system to analyze and optimize the effects of various input parameters on economic and
thermal performance, the following simplifying assumptions are made in the TRNSYS
modeling and simulation.

I. The system is assumed to be in equilibrium, which means that the temperature of
the pipe and water is the same at every point, the mass flow rate is uniform, and
no pressure losses are considered as no pressure relief valve is used.

ii. The effects of boiling the working fluid are not considered.

iii. Energy losses in the connected piping and valves are neglected.

iv. The thermal properties and heat capacity of the materials used remain the same
and do not change with temperature.
V. There is no heat exchange between the components and the environment.

Next, two configurations based on the SIH system described in Figure 1 were investigated.
The first (PLC) in Figure 2 is used to provide hot water for process heating. This
configuration was a once-through system in which no hot water was returned to the storage
tank from the processes. The hot water consumed was replaced by the main water supply
based on the amount required by each of the six variable temperature processes shown. This
scheme ensures that the storage tank is always fully charged.
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Figure 2: PLC Solar-assisted heating system simulated in TRNSYS (with 6 processes)

The second (SLC) is for preheating hot water to produce steam and chilled water. Figure 3
shows the model diagram for the SLC integration. This configuration was a closed system
with steam condensates from the processes and hot water leaving the thermal cooling unit to
return to the storage tank. Only the steam and hot water loss in the distribution streams was
replaced by the main water supply. In the load circuit, the model was set to meet the heating
demand first. In this scheme, the storage tank is not always fully charged.

-

Integrator "

Figure 3: SLC solar-assisted heating system simulated in TRNSYS

Table 1 describes the TRNSYS component Types used in the models.

Table 1: TRNSYS component Types description

TRNSYS

Component Type

Function Output

Reads user-defined horizontal radiation data (D3) and normalized
D1, D2, D3 Type 9 | thermal load of daily demand (D1) and weekly schedule (D2) for | Input data file
any industrial size.

Calculates the radiation incident on a surface using horizontal

RP Type 16 radiation data and the tilt angle of the surface.




Tsc
SC Type 1 | Extracts thermal energy from the incident radiation. Tout_sc
Qu
ST Type 4 Contains HTF circulating through the solar loop to store thermal | Tiop_st
energy and transfer it to the running processes as needed. AQst
P Type 3 | Circulates and maintains HTF flows based on external control. Msc
Generates a differential on/off control signal depending on the
C1,C2 Type 2 | upper and lower dead band temperature limits (Tupp_db, Tiow db) t0 | ON/Off signal
regulate HTF flow rate and recirculation.
\Y Tvpe 11 Redirects an inlet flow in the load loop based on internal control. Min sT
M yp Mixes two inlet flows of the load loop.
BH Type 6 Adds heat to the flow to increase temperature based on internal | Tgn
control. QsH
Extracts thermal energy from a stream of water through a single- T
ACH Type 107 | effect, hot-water fired absorption chiller with normalized catalog | ~*°"
data for any chiller size based on external control. Qacr
BC Type 92 Extracts thermal energy from a stream to lower the temperature of | Tgc
a stream based on internal control. Qsc
Provides variable production capacity and temperature levels (E1) ]
and variable design parameters (E3). gEUthata file
E Equation | calculates load profile (E2), thermal performance (E4), costs (E5), | ALCS
and fraction of thermal energy to heating and cooling applications
(ES).
Integrator Type 24 | Integrates a series of quantities over a period. VAVrfr?L(;%'
Printer Type 25 | Prints selected system variables at specified time intervals. Results data
Plotter Type 65 | Displays selected system variables of the simulation. Results plot

2.2.3. Dynamic simulation and optimization

The algorithm of TRNSY'S software (version 17) allows the dynamic simulations to analyze
the temperature and energy flow trends for the whole year, using a time step of 0.125h
(450s). Search-based SO with genetic algorithms using DOEs evaluates the design space and
makes predictions about promising regions [24]. The simulations required to obtain optimal
results were constrained by three decision variables (Asc, msc, and Vst) with defined upper
and lower bounds to limit the decision variable space. These sets of decision variables were
generated based on the annual, daily, and hourly industrial demand and solar radiation
potential of the study area. The mathematical equations are listed in Table 2 [25].

Table 2: Asc, msc, and Vst equations and bounds

Equation Upper and lower bounds
2N Yannuat Min_st CPATywp (K]) 0 < my, st < Mppgin
Asc(m®) = N
CE Zannual It
Asc Shour Ie (K]) 0< > I < (Z 1t>
kg/h) = ——————
mSC( g/ ) CpATSC hour hour max
sy _ Ast Yaay It = Yaay Min_stCPATuwp (K]) 0 < my, g7 < Mygin
Vsr(m®) = N
pCpATsr

To formulate the space of decision variables, 5 values within its upper and lower bounds were
considered for each decision parameter. From these sets, preliminary variables were used to
start the analyses, and these values were changed until the termination criterion was met (125
annual dynamic simulation runs for the different combinations of the 5 data points). The
flowchart of the TRNSY'S analysis procedures is shown in Figure 4.
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Figure 4: TRNSYS model simulation and parameter identification/optimization block

For each calculation, the solar radiation and heat demand timestamps were read from the
input files. The SC model calculates the values nsc, Qu, and Tout sc. The Pump turns on/off
according to the Tupp o and Tiow . The consumption circuit draws heat (AQst) from the ST
based on Tiop_st, Thwp, and Tmw. The ST model calculates the Qst, Qioss st, and the new
temperatures of the storage nodes according to the AQst and the ambient conditions. If the
new storage temperature reaches the set value, no fuel consumption is required; otherwise,
the BH model calculates the amount of heat to reach the required temperature (Qgn). When
the new storage temperature reaches the set value, the ACH model also calculates Qacn and
Tout chw. When the chilled water temperature reaches the Tou_chwo Set point, no electricity
consumption is required; otherwise, the BC model calculates the amount of energy needed to
meet the demand (Qgc). The total delivered energy was calculated from the ST, BH, and BC
models for the calculation of cost savings (ALCS) and thermal rating (CE, SF). Once the
calculations were complete, area plots of the results were generated to identify promising
regions.

2.3. Defining the optimization model

For each main component of the system (SC, ST, and ACH), the initial cost and the
percentage of capital cost for their installation and maintenance have been determined. The
cost of each component depends mainly on its size. The mathematical expressions were based
on a series of payments, from which the cost estimation was performed to evaluate the ALCC



of the system using the equations in Table 3. The economic criterion was described in detail
by Duffie and Beckman [23].

Table 3: Equations of economic indicators

Indicator Formula

ALCC of reference system ALCCyop = Cee (UP)(PWF)
First year conventional energy cost Cee = EqnnCes

) . dx(1+d)V
Uniform series of payments or annual cash flows Up=—~__~7

1+d)V-1
Series of inflating payments or present worth factor PWF = ! 1 ((1 b)) )N
CED) (1+d)

ALCC of SIH system ALCCsiy = Ciny + Cins + Com + Ce (UP)(PWF)
Investment cost Cinv = AscCsc + Vs Cor + NCeyy Cey
Installation cost Cins = %Ciny(Ciny)
Maintenance cost Com = %Css(AscCsc + VsrCsr + Cuee)

The objective function was defined by the annual life cycle savings (ALCS) in Equation (1):

Objective function Maximize (ALCS = ALCCyoy — ALCCgy) Q)

Based on the description in the previous section, linear temperature constraints were assumed
(Table 4). These constraints aim to limit the operating parameters important to the thermal
model, including ensuring heat transfer based on temperature differences to minimize excess
energy production.

Table 4: System control strategy and values

Component Constraints Remark

Sp On: Tout sc - Tin_sc > Tupp_db and Tiop sT< Tset sT
Off: Tout sc - Tin_sc < Tiow db @Nd Trop 57> Tset sT

v Min_sT = Mmw: TmMw<Ttop_sT< Thwp Tset_st= (THwD)max +10°€C
Min_st= (Thwo-Tmw/Ttop sT=Tmw) Mmw: Tmw<Truwo<Ttop sT | Tset top_sT=(THwWD)max

ACH Stop: Tout chw < Tchwp, Tin iw<TacH_Hw, Tout cw>TAcH cw
BH Stop: Tiop st>Teet wop st (Internal), Ten > Thwo (External)
BC Stop: Tout chw < Terwo

2.4. Defining the thermal performance

To compare the SIH system on an energetic basis, the matrices CE and SF were used. Thus,
CE, defined by the ratio between the energy received and the energy captured, can be
estimated by Equation (2):

Qu
= 2
Ascly @

CE

SF is defined by the percentage of the total thermal load provided by solar energy. It is
estimated by Equation (3) for heating and Equation (4) for cooling.

QBH
SFh = 1 - 3
(Qu + Qr) — (QACH/COPACH) 9
SE =1 Qrc 4

Qacu + Qp¢



2.5. Case study selection and overview

This step includes the collection of solar radiation and industrial production data, formulation
of energy and mass balances, and development of solar resource and load profiles. The
selection of case study locations and industrial facilities is mainly based on climatic
conditions, solar irradiance, and the presence of industrial facilities. Based on the established
criteria, a case study was conducted in MSD and SLI in Ethiopia in the Tigray region. The
mean daily horizontal irradiance in Ethiopia is higher than 5kWh/m?-day. Seasonally, the
values vary between 4.55 and 5.55kWh/m?-day and spatially between 4.25kWh/m?-day and
6.25kWh/m?-day [26][27][28]. The manufacturing sector in Ethiopia is characterized by a
high concentration of a limited number of light manufacturing activities, such as food and
beverages, leather, textiles, non-metallic materials, and furniture [29]. The main processes of
these industries require low- to medium-temperature hot water and low to medium-capacity
process cooling.

2.5.1. Solar resources

Since few solar irradiance data are available, a validated correlation was developed based on
measurements in the Geba catchment area in northern Ethiopia to predict the intensity of
solar irradiance and determine the optimal orientation [30]. The horizontal solar irradiance
was converted to a plane at optimal angles of incidence of 15° for the MSD case and 25° for
the SLI case. A file of solar radiation data was generated in a user-defined format for the
locations of the selected industries. The average hourly solar irradiance reached a maximum
value of 1100W/m?. The total annual surface irradiation was approximately 2400kWh/m?.

2.5.2. Process and utility loads

The PC of MSD is 3600 bottles/h (150 cases/h). The production processes run in two shifts 6
working days per week, excluding holidays, machine downtime, and planned maintenance,
resulting in an average annual availability of 82.60% (258 days/year). The manufacturing
processes include SD, BS_1, BS_2, BR, CS, and CIP. In SD, sugar is dissolved in HW in
three batches for preparing simple syrup. This syrup is continuously cooled with chilled water
as it flows into the final syrup tank. The final syrup (soda) is also cooled as it flows to the
bottle filler. In BS_1, BS 2, BR, and CS, bottles and crates are continuously washed in a
series of tanks before filling. HW is used for the washing process. In the CIP, HW is used to
clean the lines and tanks in the manufacturing processes according to the changeover matrix.

SLI’s PC is 6000 skins/day and 600 hides/day. The production processes run in two shifts,
alternating 6 and 5 working days every two weeks. No work is done during holidays,
machine downtime, and scheduled maintenance, resulting in an average annual availability of
94.84% (272 days/year). The wet-blue processes include STN, HTN, SRT_1, SRT_2,
HRT_1, and HRT_2 in different drums with different volumes using HW prepared in a
separate tank.

The HW demand in MSD and SLI is met by superheated steam from a fuel-based boiler in
place (T =~ 100-190°C, efficiency = 80%, and capacity ~ 4000kg/h). The CHW demand in
MSD is met by an electrically driven ammonia-based chiller in place (T = 0°C, COP = 4.4,
capacity = 396kW).

The MSD and SLI systems analyzed are modeled as a retrofit problem. A flowchart of their
PLC and SLC modeling is shown in Figure 5.
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Figure 5: Flowchart of PLC and SLC in MSD and SLI (units with * are newly added)

Process HW demand is met by heating MW (=20°C). Utility HW demand is met from the
condensate HWR (=70°C), chiller HWR, and MW (=20°C) to offset water losses to the
processes. All or a portion of these streams flow through the SIH system, depending on the
control temperatures. A solar fraction can be as high as 100%, but depending on the
availability of solar energy, this fraction can be reduced. When the solar fraction is less than
100%, the HW demand is met by superheated steam from the existing fuel-based BB and
CHW demand is met by an electrically powered ammonia-based BCH on site.

For the proposed flowchart, primary data collection was conducted using installed
instrumentation. Secondary data were collected from existing records, monthly energy and
fuel bills, process manuals, and machine catalogs available in MSD and SLI and in the
literature. The heat load profiles of the processes included in the analysis are shown in Table
5.

Table 5: Processes load profile

Industry |  Unit Operation Dg (M3) Tww / Thwo (°C) RH
Trwr (°C)
7AM to 8AM
SD 27 20 80 11AM to 12PM
4PM to 5PM
o [253 ; :
BR 10 20 60 7 AM and 7 PM
CS 70 40
CIP 20 80 85 8PM to 9PM
ST 24 35 1PM to 5PM
HT 21 40 1PM to 3PM
SLI SRT 1 23 20 40 7AM to 10AM
SRT 2 10 50 4PM to 5PM
HRT_1 18 45 11AM to 12AM
HRT 2 6 55 11PM to 12PM

MSD and SLI operate mainly during daytime hours from 6:00 am to 6:00 pm. In MSD, there
is an almost uniform continuous demand with evenly distributed batch demands, resulting in



an even distribution of pick demand in the morning, noon, afternoon, and evening. In SLI,
there is a discontinuous (batch) load profile with a pick demand for hot water around midday.

The hot and cold utility load profiles are listed in Table 6.

Table 6: Utilities load profile

Tmw /
Industry Stream Da (m3) THW’\:L\A{OC) Trwo/Tcrwo(°C) RH
CS 41 70
MSD MW 1 20 85 7AM to 9PM
CHW 650 11 4 7AM to 7PM
CS 10 70
SLI MW 15 20 80 7AM to 6PM

In both processing industries, there is a constant supply of preheated feedwater as part of
steam generation during working hours. In MSD, much of the feedwater comes from CS. In
SLI, a similar proportion of CS and MW are reported as feedwater. This CS is used directly
to produce hot water for the skin tanning process. In addition, in MSD, a constant supply of
CHW is identified as part of the utility services.

Data from the plants on the amount of HW consumed daily and the amount of steam and
CHW produced were used to model the load profiles. Equation (5) was employed to
normalize the hourly load profiles based on Dg, RH, and PC. The details of the process load
study can be found in the authors’ earlier work [31].

(P/n) )

D, =
h PC

A HW and CHW demand file was developed in a user-defined format for the following
operating loads to serve multiple users in the load balancing approach.

e Load 1: Process heat loads.
e Load 2: Feedwater preheat load.
e Load 3: Feedwater preheat and chilled water loads.

MSD HW demand reaches about 54.30 GJ and 3.6 GJ per day for Load 1 and Load 2,
respectively. In addition, HW and CHW demand reaches about 23.80 GJ and 23.76 GJ per
day for Load 3. SLI HW demand reaches about 11.60 GJ and 5.32 GJ per day for Load 1 and
Load 2, respectively.

2.5.3. FPC system

The water-based single-glazed FPC is modeled using available performance data. The
operating temperature range is matched to the process demand and ranges from 35 to 85°C.
To replicate an accurate FPC system, the typical performance and economic parameter values
in Table 7 and Table 8 were used from various literature, component technical
documentation, and existing systems. Several parameters can be easily changed in various
ways to meet the required application.

Table 7: Typical solar thermal components performance parameters
|  Component | Parameter and Unit | Value |




ao, % 0.8
a1, kJ/ h m?K 13
FPC [32] [33][34] ap, kJ/hm2K2 0.05
b;and b, 0.2and 0
Cpr, ki/lkg K 4.19
HTF [32] p, kg/m?3 1000
Boiling point, °C 100
T ,°C 4
Cse [23] Tow o, °C 2
Loss coefficient, kd/h m? K 25
Height, m 2.8
ST [35][36] Maximum internal heating rate, kJ/h 10000000
Dead band for heating element delta, °C 5
NCach, kd/h 1368000
COP 0.76
Min_1w, Kg/h 42,000
. 0 |
ACH [34](37][38] | T °C % b
Min_cw, kg/h 102,000
Tin_cw, °C 28
Tout CW,OC 36
Table 8: Typical solar thermal and backup system components economic parameters
Component Parameter and Unit Value
Csc, $/m? 200
CST, $/m3 1320
SS [35] [39] [40] Cins, (% Cinv) 1
Com, (% CSS) 1-5
N, Years 20
CacH, $/kW 657
ACH [37] N, Years 60
Cr, $/kJ 0.00002
BB and BCH [41][42]| ¢ gk 0.0000056
i, % 9.4
Market values [43][44] d. % 10

3. Results and Discussion

Optimization of system parameters was performed using the model and procedures described
in the previous section. The decision variables were those associated with the size of Asc and
Vst, and the amount of msc that maximizes ALCS during 20 years of energy cost and
investment. The optimized sizing of SIH systems was based on solar irradiance and the three
load types adopted in MSD and SLI in Ethiopia. In this section, the results of the optimization
analysis are presented to demonstrate the achievable benefits of the SIH system using the
upper and lower bounds of the decision variable space for the main design parameters as
shown in Table 9.

Table 9: Design parameter bounds

Industry Thermal load Asc (x100 m?) msc (m3/h) Vst (m?3)
Load 1 10-110 3-465 70-350
MSD Load 2 1.50-7.50 0.6-35 5-45
Load 3 3-11 5-750 20-100
SLI Load 1 2.25-15.75 1-105 20-100
Load 2 1.25-7.50 0.4-26 10-50

The ALCS maps of the studied cases that are close to the optimal solution for the maximum
achieved ALCS are presented in area plots. The ALCS varies with the values of the design
parameters, the radiation intensity, and the different load profiles. This led to an optimal



design of the system for each integration point and for each industry. In the MSD, Load 1
(Figure 6) resulted in the largest design parameters and ALCS values, while Load 2 (Figure
7) resulted in a relatively lower value.
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Figure 7: ALCS (k$) results of TRNSYS model for MSD Load 2

MSD Load 3 (Figure 8) was a less costly operating scheme with the highest ALCS values and
design parameters compared to Load 2 (Figure 7). This may be attributed to the fact that
replacement with solar thermal collectors may be less practical at higher supply temperatures
and relatively low collector mass flow.



Vsr (m?)
Vsr (m3)

38
35
32
30
27
24
21
19
16
13
11

38
35

32

30

27

24

21

19

16

13

4 10 11

Asc (x102m2) Asc (xlU2
(a) 5m3/h 38 100 (b) 20m3/h 38
35 35
32 32
30 30
- 27 & 27
% 24 i 24
> 21 > 21
19 19
16 16
13 13
11 20 11

Asc (x102 Asc (x102

(c) 40m3/h (d) 60m3/h

Figure 8: ALCS (k$) results of TRNSYS model for MSD Load 3

Similarly, SLI resulted in large design parameters and ALCS values for Load 1 (Figure 9),
while Load 2 (Figure 10) resulted in relatively low values.
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Figure 10: ALCS (k$) results of TRNSY'S model for SL Load 2

A summary of the design parameters and performance values for the optimized
configurations can be found in Table 10.

Table 10: Design parameter and performance values of the optimized configurations
Thermal | Maximum Asc (x100 Msc s | CE | SFh/SFc

Industry | “joad | ALCS (k$) m?) ¥y | VST™) oy | (%)
Load 1 403 60 79 210 27 98

MSD Load 2 23 45 6 35 24 94
Load 3 35 9 40 60 29 96/19

SLI Load 1 81 9 18 40 34 98
Load 2 26 5 8 20 22 97

A positive ALCS value indicates the cost-effectiveness of a system over its lifetime. In
comparison, Load 1 in MSD with a larger collector area and storage volume achieves the
highest ALCS value. In contrast, Load 2 in SLI achieves a higher ALCS with a smaller
storage volume and a slightly larger collector area. In MSD Load 3, the additional cooling
load of the utility system gives the solar system an advantage and results in a high ALCS
value.

The higher the value for CE and SF, the more solar thermal energy can be obtained with the
technologies used. Overall, the thermal performance was higher for Load 1 due to the low
supply temperature and even better for SLI due to the low target temperatures. Load 2 had a
comparable performance at similar target temperatures in the MSD and SLI utilities. The
thermal performance was improved at Load 3 primarily due to the higher mass flow rate of



the collector to meet the HW demand of the large volume of CHW. These results are
consistent with those reported in [7] that solar energy-based low- and medium-temperature
systems can provide 95% of the required thermal energy on clear and sunny days.

3.1. Thermal evaluation

The analysis of the one-day performance of the solar circuit in the two seasons of the study
area was able to show the trend of collector temperatures, storage temperature, useful energy
yield, and supplementary heating demand for the studied cases. On a daily basis, it was
observed that the collector starts to heat up from around 7 am, reaches the highest
temperature around 12 noon, and drops again around 6 pm.

In the MSD, a maximum Tsc of 160°C can be reached during the dry season for Load 1
(Figure 11a) and Load 2 (Figure 12a) in the dry season. This often occurred during stagnation
conditions. The maximum Tout sc of Load 1 (Figure 11b) and Load 2 (Figure 12b) reached
85°C during the rainy season. During the dry season, there may be an excess of solar thermal
generation at the peak solar hours for Load 1 and Load 2 (Figures 11c, 12¢). The potential
contribution of solar thermal generation can be insufficient during the morning and evening
hours of the rainy season for Load 1 and Load 2 (Figures 11d, 12d) and during the morning
hours of the dry season for Load 2 (Figure 12c).
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Figure 11: Performance of PLC TRNSYS model in MSD Load 1 (a)&(c) dry, (b)&(d) rainy season
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Figure 12: Performance of SLC TRNSYS model in MSD Load 2 (a)&(c) dry, (b)&(d) rainy season

A maximum Tsc of 120°C can be achieved in the dry and rainy seasons under stagnant
conditions for Load 3 (Figures 13 a, b). Tout_sc around noon reaches 85°C as a result of higher
mass flow during the hours of higher solar radiation to provide hot water for the thermal
chiller, resulting in continuous cooling of the collectors and thus better performance of the
FPC (Table 10). Figure 13c shows that there may be a shortage of solar thermal generation
for cooling purposes during the dry season in the morning and evening hours, while the
potential contribution of solar thermal for cooling remains insufficient at additional times
during the rainy season (Figure 13d). This is because thermal energy only needs to be
provided for heating needs until sufficient thermal energy has been generated for the thermal
chiller, resulting in excess solar thermal generation during the morning and evening hours
even for the optimal system configurations.
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Figure 13: Performance of ULC TRNSYS model in MSD Load 3 (a)&(c) dry, (b)&(d) rainy season

In SLI, a maximum Tsc value of 160°C for the stagnation condition can be reached for Load
1 (Figure 14a) and Load 2 (Figure 15a) in the dry season, while the maximum Tsc value of
Load 1 (Figure 14b) and Load 2 (Figure 15b) reaches 130°C in the rainy season. During the
dry season, there may be excess solar thermal generation at the peak solar hours for Load 1
and Load 2 (Figures 14c, 15c). During the rainy season, there may be a relatively smaller
surplus of solar thermal generation during the peak solar hours (Figures 14d, 15d).
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From Figures 11 to 15 (a, b), it can be seen that the temperature variations are closely related
to the trend of total irradiance in Figures 11 to 15 (c, d) and to the activity of the control
system that controls the recirculation and modulated mass flow in the solar field. By using
ST, two main effects can be effectively controlled: limiting the temperature drop due to the
cloud effect during the day and increasing the availability of solar heat. This makes the
system semi-dispatchable, which in turn allows flexibility in energy generation. These
features led to the trends of heat transfer through FPC and BH.

The trend of Tou sc follows almost the same pattern in both processing factories, as the
external conditions such as solar radiation and ambient temperature are similar, with
relatively low-temperature values during the rainy season. All of these values were
comparable to the reported temperatures. FPCs typically operate at temperatures between 85
and 95°C [46][47]. In summer, solar water heating systems often reach stagnation conditions
as the ST easily reaches the maximum temperature (=<60-95°C) on a clear day. In this case,
the SP is turned off by the Csp. Then, the Tsc increases rapidly and reaches the so-called
stagnation temperature (=120-160°C). The stagnation temperature of FPCs with selectively
coated absorbers has been reported to be 180 to 210°C [48]. These conditions make this
region an acceptable location for FPC installation. In most cases, the Tout sc exceeds the
Tiop_sT Margins in both the dry and rainy seasons, making FPC well-suited for use.

For comparison, Figure 16 shows the weekly thermal performance results of the BB for
reference and optimal SIH configurations at the MSD. The SF ranges from 80 to 99% for
heating and 0 to 35% for cooling in the rainy season and dry season, respectively. This is
obviously because the intensity of solar radiation is higher in the dry season than in the rainy
season. These results apply equally to both industries and similar applications.

50 120
I OreQ
250 — Qs
<1
40 00
5°%° %) W 80 O
= :30 =
i 50 N 5
5 150 — Qrer ] ‘_60 =
g Qsit 3. ?n
%100 520 3
£ =
10
50
— Oref;i 20
| Qsiy
0 10 20 30 40 50 0 10 20 30 40 500
Week Week
(a) (b)

Figure 16: Weekly heat output of the BB and BC at MSD optimal design (a) Load 1 (b) Load 3

Overall, these patterns are beneficial for improving thermal performance by scheduling the
delivered energy to allow the system to take advantage of saving maximization. They also
help companies make informed decisions about the timing of their needed auxiliary sources.

3.2. Effects of the design parameters on savings and thermal performance

To perform a complete economic study, it is necessary to consider the effects of the design
parameters on both cost savings and thermal performance. For evaluation, Figure 17 through
Figure 19 show the effects of msc, Asc, and Vst for MSD configurations. These results apply
equally to both industries and similar applications.



From Figure 17a (Load 1) and Figure 17b (Load 3), it can be seen that increasing msc
improves ALCS, SFs, and CE to the optimal point. This is due to the continuous operation of
the SP, which lowers the Tout sc and thus maintains the Tiop_st. This continuous cooling of the
SC extracts more Qu reduces Qgn and improves CE by reducing convection and radiation
losses. However, increasing msc above the optimal value slowly reduces ALCS, SF, and CE
for heating applications (Figure 17a) as Tout sc is further reduced, and the need for Qgn to
reach Tip st increases. At Load 3 (Figure 17b), increasing msc above the optimal value had
little effect on ALCS, while SFn, SF¢, and CE decreased due to the large msc at a relatively
higher Tin_sc, decreasing Qu and increasing the need for additional Qgx and Qgc to achieve
the required setpoint temperatures.
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Figure 17: Effects of msc on (a) Load 1 and (b) Load 3

From Figure 18a (Load 1) and Figure 18b (Load 3), increasing Asc to the optimal value leads
to an improvement in ALCS and SF, mainly because of the increase in Tout sc, which
increases Tiwp st and decreases the need for Qgn and Qgc to maintain Tip st. A further
increase in Asc forces a decrease in ALCS due to excessive system costs, which also
increases Tout sc Without improving the need for Qgn. The higher Tou sc leads to a maximum
Twop_st at which SP remains off. This turn-off limit reduces the amount of Qu. For Load 1
(Figure 18a), the increase in Asc above the optimal value at SF was not as pronounced
because the optimal design covers almost all of the heating demand. The CE decreases with
increasing Asc value, mainly due to lower Qu and higher heat losses due to convection and
conduction at higher Tsc. For Load 3 (Figure 168), the increase in Asc value beyond the
optimal value was very pronounced for SFy and SF. because the optimal design does not
cover the entire demand. The increase in CE with increasing Asc is mainly due to higher Qu
and lower heat losses by convection and conduction due to the large mass flow for the water
chiller.
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Figure 18: Effects of Aconon (a) Load 1 and (b) Load 3



From Figure 19a (Load 1) and Figure 19b (Load 3), increasing Vst to the optimum value
improves ALCS, SF, SFy, and CE, mainly due to the high Qu that keeps the Tip_st below the
set point and keeps the SP operating. This provides additional energy savings during periods
of high irradiance and reduces the need for Qgn. Increasing Vst above the optimal value
results in a decrease in ALCS due to an increase in system capital cost and the need for Qgn
to maintain the Tip_st Set point. This increase had no impact on SF since the optimal design
meets almost all requirements. However, it had little effect on SFy and SFc (Figure 19b)
because the need for Qgn and Qgc does not improve. Increasing Vst improves CE since
increasing Vst lowers the Tiwp_st and keeps SP running, increasing the amount of Qu.
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Figure 19: Effects of Vst on (a) Load 1 and (b) Load 3

Overall, large deviations of msc from optimal values had little effect on ALCS and solar
system performance (SF and CE). System cost and efficiency were mainly affected by Asc.
Vst was the second largest source of economic and performance impacts. These results are
consistent with other relevant findings in the literature. The study by [49] found that solar
savings increase with Asc until the optimal value is reached. However, if the Asc is increased
further, the fuel savings may continue to increase, and due to the high installation cost, the
solar savings decrease. The work in [50][51] has shown that a slight improvement in system
performance can be achieved by varying the storage volume.

Since Asc was the parameter with the largest impact, the ALCS, msc, and Vst values per Asc
can be provided for quick estimates (Figure 20 and Figure 21).
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From Figure 20 and Figure 21, the ALCS, msc, and Vst values per collector area were in the
range of $51-90/m2?, 0.01-0.02m3h-m?, and 0.04-0.08m*/m? for Load 1 and Load 2,
respectively, and $49/m?, 0.04m3h-m?, and 0.07m3/m? for Load 3. These results agree well
with a study by Ferreira et al. [52], who reported 0.07m3/m? as the optimal storage volume per
unit area of the solar collector. Based on their study, the relationship between solar energy
utilization rate and storage capacity at values higher than 0.09m3/m? does not lead to better
utilization of incident solar energy but only increases the storage volume and its cost.
Therefore, it can be assumed that Load 1 and Load 2 are the most economical operating
concepts that can be replaced by FPC. Load 1 has achieved a higher ALCS per Acs, mainly
due to the lower Tin_sc. Of the two industries, SLI achieved a higher ALCS per Acs due to the
HW withdrawal profile and the low-temperature level required.

4. Conclusions

The study presented a detailed dynamic operation modeling of a SIH system with storage on
a systematic control scale. The modeling approach emphasized the statistical optimization
based on maximizing the ALCS using TRNSYS. The model was applied to MSD and SLI in
Ethiopia. The results showed significant annual savings, acceptable daily performance
margins, and a higher impact of collector area on the economic and thermal performance of
the optimized system configurations of three operating loads. Annual savings of $403k, $23k,
and $35k were obtained for Load 1, Load 2, and Load 3, respectively in MSD, and $81k and
$26k for Load 1 and Load 2 in SLI. It was observed that the collector started heating at about
7 am, reached the highest temperature at about 12 noon, and dropped at about 6 pm. In the
dry season, a maximum collector absorber temperature of 160°C can be reached for the Load
1 and Load 2 configurations, while in the rainy season, the temperature can reach 85 to
130°C. For the Load 3 configuration, a maximum collector absorber temperature of 120°C
can be reached in the dry and rainy seasons. Per unit collector area, the annual life-cycle
savings, mass flow rate, and storage volume for Load 1 and Load 2 were in the range of $51-
90/m?, 0.01-0.02m3/h-m?, and 0.04-0.08m3/m?, respectively. Similarly, the values for Load 3
were $49/m?, 0.04m3/h-m?, and 0.07m3/m?. Thus, the study supports the transient analysis of
SIH and provides solutions for the optimal use of solar thermal. The model can then be
readily used to estimate and compare other process industries, locations, and technologies.
The lesson learned from this study could also help decision-makers understand the options
for cost-effective integrations that can make Ethiopia a renewable energy hub, a well-
intentioned policy path to pursue in line with the climate-resilient green economy (CRGE)
plan of the country.
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