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ABSTRACT

The Linear Fresnel reflector is a promising solar concentrating technology for industrial process
heat applications. This study optimizes key solar field geometric parameters to maximize optical
efficiency and determines optimal system size based on solar multiple and tea factory thermal
energy demand. The optimized solar field is integrated into a dynamic simulation model that
analyzes hourly performance, incorporating steam storage and fuelwood hybridization for
continuous supply. Economic performance is evaluated using simple payback period, levelized
cost of heat, net present value and internal rate of return. The optimal configuration — receiver
height of 4.4 m, mirror width of 0.5 m, mirror row spacing of 0.2 m — achieves a maximum
66.28% optical efficiency. A solar multiple of 2.25 provides 14 hours of storage, yielding
average solar fractions of 0.5915 and 0.3853 during high and low irradiance months,
respectively. The hybrid system reduces annual woodlot consumption and carbon dioxide
emissions by 48.84%.
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INTRODUCTION

The global industrial energy demand currently accounts for about 29% of the total final
energy consumption [1]. Fossil fuels dominate this sector’s energy supply. Their continued use
has intensified climate change, contributing a substantial share of global greenhouse gas
emissions |[2]. Integrating renewables into the industrial energy mix can significantly reduce
emissions, with a 1% increase in renewable energy adoption leading to a 0.98% decrease in
emissions [3]. The approach could reduce emissions by up to 1.5 Gigatons annually, achieving
net-zero emissions by 2050 [4], [5]. This transition is essential for achieving global climate
targets and reducing the sector’s carbon footprint.

Solar energy emerges as a promising renewable energy resource for industrial heat
applications due to its widespread availability and zero direct emissions [6]. Among line-focus
Concentrated Solar Power (CSP) technologies, the linear Fresnel reflector (LFR) is
characterized by simpler design, low installation and maintenance costs and low land use
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compared to parabolic trough collectors (PTC), which employ continuously curved mirrors.
While PTCs generally achieve higher optical efficiencies due to shorter optical paths and
stronger concentration ratios, they are associated with comparatively higher capital intensity
and mechanical complexity. In contrast, non-concentrating technologies such as evacuated
tube collectors offer lower upfront investment costs and operational simplicity but generally
require larger collector areas to satisfy industrial-scale thermal demand [7], [8]. The LFR
technology therefore provides a balanced trade-off between technical performance, land
utilization and cost implications, making it a competitive alternative for large scale solar
process heat integration.

An LFR system comprises of a reflector field and a fixed receiver. The reflector comprises
an array of flat or slightly curved mirrors that focus direct solar radiation onto one or more
stationary absorber tubes positioned above the mirror field. These tubes carry a heat transfer
fluid (HTF), which is heated to temperatures up to 400 °C. The system has a geometric
concentration ratio of 10-50. To enhance optical performance, an additional reflector
positioned above the absorber tube redirects otherwise spilled radiation back onto the tube
surface [9], [10].

Due to the relatively low outlet temperature of the solar field compared to point-focusing
technologies, LFR is especially well-suited for direct steam generation (DSG) [11]. Their
modular design enables easy scaling to meet varying heat demands across different
applications [12]. DSG systems have a steam drum which separates the two- phase flow,
delivering saturated steam to the network. Moreover, LFR DSG systems can be integrated
with steam accumulators for thermal energy storage, and be hybridized with other sources,
ensuring continuous heat supply for uninterrupted industrial operations [13]. These factors
underline the growing recognition of LFR in the transition towards sustainable industrial
energy solutions.

As an industrial process, tea processing is energy-intensive, consuming between 3.5 kWh
and 10 kWh of thermal energy per kilogram of made tea (kg MT) [14], [15]. In Kenya,
fuelwood serves as the primary energy source, emitting 2.27 kg carbon dioxide (CO2) per kg
MT [16], [17]. The tea industry’s heavy reliance on fuelwood also accelerates deforestation.
On average, a single tea factory consumes 11,500 trees annually to produce 3,450,000 kg MT,
resulting in approximately 7,831 metric tons of CO> emissions [18]. To address these
challenges and enhance the sustainability of Kenya’s tea industry, there is a need to adopt the
use of LFR for process heat requirements.

Over recent decades, researchers have endeavoured to improve the LFR system’s
performance by employing both simulations and experimental methods to analyze their
optical, thermal and economic performance. A predominant area of focus in optimization
research has been the solar field parameters. Nixon & Davies [19] optimized solar field’s
mirror row spacing, recommending uneven row spacing to induce shadowing at a transversal
angle of 45°, thereby improving system performance. Similarly, Song ef al. [20] developed a
mathematical model to compute optical losses in LFR solar fields, concluding that the optimal
receiver height should exceed 3 m. Babu et al. [21] optimized LFR systems with horizontal
absorber and varying primary collector widths. Optimal configuration comprised of 29
reflectors with widths varying between 0.03 m and 0.06 m and a focal length of 0.96 m.
Pulido-Iparraguirre et al. [12] presented optimized optical design by modifying three
parameters of a standard collector, comparing it with a conventional design. Their results
showed that modifications in concentrator displacement, receiver tilt and East-West
concentrator rotation resulted in a monthly energy collection increase of 2% to 61%. Barbon
et al. |22] proposed a mathematical model for optimization of the length of primary mirrors,
mirror spacing and mirror width in small-scale LFRs. Despite these contributions, most
optical optimizations have been restricted to a limited subset of solar-field variables, with
other coupled parameters that influence optical performance generally assumed constant.
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Integrated studies that combine technical and economic analyses remain scarse. Baba et al.
[23] assessed the cost-effectiveness of LFR systems through optical, thermal and storage
modeling. Their study compared scenarios involving existing boilers and LFR systems. Their
payback periods for replacing the boilers with LFR systems ranged from 2 to 6 years. Moghimi
et al. |24] optimized the solar field parameters, insulation of a multi-tube cavity receiver while
determining the levelized cost of electricity of the LFR plant. However, these studies relied on
payback period and levelized cost metrics without extending the analysis to additional
profitability indicators such as internal rate of return (/RR) and net present value (NPV), which
are essential for assessing financial feasibility.

A review of existing literature indicates that optical optimization of LFR systems has
largely focused on a limited number of solar field variables, with interacting geometrical
parameters commonly treated independently or held constant. Furthermore, most optimization
studies assess collector performance in isolation, without linking geometric design to dynamic
system operation under real industrial load profiles. Industrial applications such as tea
production — characterized by continuous steam demand and seasonal variability — are rarely
incorporated into LFR design frameworks. From an economic standpoint, prior studies
frequently rely on single profitability indicators, limiting assessment of long-term financial
sustainability.

The present study addresses these limitations through an integrated and application driven
framework tailored to direct steam generation in Kenyan tea factories. First, an optical-thermal
model is developed to evaluate useful heat gain and losses of the working fluid, tracking its
thermodynamic state from subcooled liquid to saturation. Three key solar field geometric
parameters — mirror width, row spacing and receiver height — are then simultaneously
optimized using a mathematically formulated objective function implemented in MATLAB to
maximize optical efficiency by minimizing shading, blocking and spillage losses. The
optimized solar field is subsequently integrated within a dynamic model that simulates hourly
system performance, incorporating steam storage and fuelwood hybridization to ensure
reliable energy dispatch under variable solar conditions. Finally, the technical assessment is
complemented by a comprehensive multi-metric economic evaluation incorporating simple
payback period, levelized cost of heat, net present value and internal rate of return, with a
sensitivity analysis covering performance uncertainties, capital and operating cost variability
and macroeconomic fluctuations.

By integrating multi-parameter geometric optimization, dynamic hybrid system
performance modeling, and comprehensive economic assessment within a site-specific
industrial context, this study advances LFR research from component level optimization
towards holistic system-level development analysis.

MATERIALS AND METHODS

This section outlines the study area, the development and validation of the optical and
thermal models, optimization of the solar field and system size, performance and economic
analysis of the LFR system.

Characteristics of the Study Site

The study was conducted at Momul Tea Factory, located at latitude 0.4° South and
longitude 35.1° East, approximately 269 km Northwest of Nairobi city. Situated in the
country’s largest tea producing regions, the factory presents a significant opportunity for
renewable energy integration. The study focused on four critical data categories: solar resource
availability, climatic conditions, thermal energy demands and cost of tea production. Data on
solar resource availability and climatic conditions were obtained from Akello et al. [25] and
Kenya Meteorological Department (KMD), respectively. The steam properties data, thermal
energy demand and costs were directly collected from the factory.
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Model Development

Mathematical modeling. Mathematical modeling of LFR was conducted to compute the
useful energy harnessed from solar radiation by the thermal fluid at the factory location. The
modeling framework comprised two main components: optical and thermal models. The
optical model evaluated the optical efficiency of the collector, which is influenced by the sun’s
position, geometry of the collector, reflectivity of its components and incidence angle modifier.
The critical solar angles that influence the redirection of reflected solar radiation towards the
receiver were determined. Figure 1 illustrates these critical angles, including the longitudinal
angle of incidence, @1, and transversal incidence angle, @r, along with their determinants. A
north-south (N-S) mirror orientation was chosen for this study since it optimizes annual
irradiance utilization, particularly at solar noon [26], [27].

@ (b)

N
Figure 1. LFR system angles (a) Mirror inclination angle and (b) Transverse solar altitude angle and (¢)
Longitudinal and transversal incidence angles [27], [28]

The mirror inclination angle, y; was calculated using eq. (1) [27]:

Py = o 2— Bi ()
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To determine the angle between reflecting surface of the i mirror and horizontal ground
plane, f5;, the dependence on the receiver height above the primary mirrors, 4s, and the
transversal location of the i mirror, d;, were considered, as shown in eq. (2):

p; = arctan (%) )

i

Correlations for the other critical parameters were adopted from reference models as
detailed in Table 1.

Table 1. Optical model parameters

Parameter Reference model
Transverse solar altitude angle (ar) [27]

Solar altitude angle (as) [29]

Local solar time [30]

Solar azimuth angle (ys) [27]
Incident angle modifier (IAM) (K (&1, @1)) [28], [31], [32], [33]

The other two key parameters for computing optical efficiency: the incident power on the
collector’s surface directly from the sun (Pap) and the incident power on the absorber tube,
after reflection by primary mirrors (Paps) are given by eq. (3) and eq. (4) [34]:

Ppp = DNI X A, X cos (6,) (3)

where DNI represents location’s direct normal irradiance (W/m?) and 4, denotes area of
collector’s aperture (m?) and 6, is the Zenith angle.

P,ps = Npp X Ppp 4)

where Nphrepresents the number of photons reaching the absorber’s surface, and Ppn denotes
individual photon’s power (W) at a specific location. Ppy, was determined using Tonatiuh
software, a Monte Carlo Ray Tracing (MCRT) tool [35].

The geometry-dependent determinants of the number of photons reaching the absorber’s
surface, Nph, namely, intercept, shading loss and blocking loss factors were then determined.
Appendix Al provides correlations for computing these determinants. To account for
additional optical losses from mirror surface imperfections, the nominal mirror reflectivity of
the reference collector was reduced from 0.95 to 0.88 in the Tonatiuh simulations, consistent
with reported reductions due to soiling [36].

The collector’s optical efficiency was then calculated using eq. (5):

_ Pabs

The thermal model, on the other hand, was developed to calculate the energy absorbed by
the heat transfer fluid and thermal efficiency while accounting for heat losses from the receiver
to the atmosphere. Here, a one-dimensional heat transfer model of an evacuated tube receiver
with secondary reflector was developed. This approach was chosen because one-dimensional
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models, when developed with sufficient physical detail have demonstrated a good agreement
with experimental data [36]. Appendix A2 illustrates the heat flow in the receiver and outlines
the correlations for heat transfer.

A thermal energy balance algorithm was developed in MATLAB to evaluate the heat gain
and losses per unit length along the absorber tube. The model couples local energy balance
with temperature-dependent thermophysical properties of water and steam obtained directly
from the XSteam library, allowing continuous tracking of the fluid’s thermodynamic state from
sub-cooled liquid at the inlet temperature, 7;, of 87 °C to saturated conditions at the outlet
temperature, 7,, of 188.15 °C and a pressure of 12 bar.

The algorithm progresses axially along the receiver in uniform segments of 0.5 m. At each
segment, N, the inlet and outlet heat transfer fluid temperatures, (Tutr,i)Nn and (7uTr,0)N are
determined, computing absorbed solar energy, convective heat transfer to the working fluid
and the external convective and radiative losses. The sections are shown in Figure 2.

T; 1 2 3 b N T,
e —_—>
k—O.S m —l (THT‘F, i)N (TH‘TE o)N

Figure 2. Axial portioning of absorber tube

The convective heat transfer coefficient was determined according to the local flow regime
while the outer losses were evaluated by solving coupled energy balance equations for the
absorber, glass envelope and secondary reflector using an iterative solver (fsolve). The wall
temperature was updated iteratively until convergence, after which the local enthalpy was
incremented based on the computed heat gain per unit length. The useful heat gain by the heat
transfer fluid per unit length is equivalent to the convective heat transfer between the absorber
tube’s inner surface and HTF.

The thermal efficiency was computed using eq. (6) [10]:

— Qutotal (6)

where, Quqt, denotes the total useful heat gain (W).

Model validation. The model was validated using data reported in the literature, with key
parameters, namely, mirror inclination, JAM and heat gain, benchmarked against the
experimental results of Pino et al. |34| and Hafner ef al. |37] for real LFR configurations. The
validation process involved incorporating the geometric parameters and operating conditions
of the experimental plant into the model and comparing the simulated outcomes with the
experimental data. The discrepancies between the model results, experimental data and real
LFR configuration were evaluated using the Coefficient of Determination (R?) statistical
method, computed using eq. (7) [38]:

_SR4 - P

R%Z =1 =
r.(4; —E)?

(N

Journal of Sustainable Development of Energy, Water and Environment Systems 6



Moikoyo, E., Njoka, F., et al. Year 2026
Modeling, Optimization and Economic Analysis of Linear ... Volume 14, Issue 3, 1140718

where A; denotes measured values, P; denotes the predicted model values and E; denotes the
mean of measured values.

Individual optical loss components (blocking, shading and spillage) were not independently
validated due to the absence of published experimental datasets reporting detailed geometric
loss decomposition for identical LFR configurations. However, the adopted loss formulations
are consistent with established analytical LFR optical models reported in literature.

Model assumptions. To aid the development of the model, several assumptions were made.
The thermal model was based on steady-state conditions, ignoring potential transient effects.
Additionally, a uniform circumferential heat flux distribution was assumed on the absorber’s
surface.

Although one-dimensional steady state formulation was employed, previous studies have
demonstrated that such approaches can reliably predict receiver thermal performance,
producing results consistent with experimental data. Liang et al. [36] compared
one-dimensional models assuming uniform circumferential heat flux with more detailed
formulations accounting for non-uniform flux and demonstrated that, while circumferential
non-uniformities may induce localized wall temperature gradients, the differences in predicted
outlet fluid temperature and overall thermal efficiency remain small. In the present
configuration, the secondary reflector further enhances circumferential redistribution of
reflected radiation, thereby reducing peak flux concentrations and temperature asymmetry on
the absorber surface. Thus, while transient behaviour and local flux non-uniformities may
occur under real operating conditions, their influence on overall thermal input is expected to be
limited. Future work may incorporate transient and multi-dimensional modeling to enable
refined prediction of local temperature fields and detailed thermal stresses.

System Optimization and Performance Analysis

The geometric solar field parameters and system size were optimized as outlined in
Appendix A3.

Monthly performance analysis. A MATLAB simulation modelled the hourly energy flows
of the LFR system integrated with storage and fuelwood backup, evaluating performance
across six months: high irradiation months (January, February, December) and low irradiation
months (April, May, October). The simulation accounted for continuous 24-hour factory
operation, with monthly operational days adjusted accordingly. For each month, the hourly
thermal energy demand was kept constant, with its value varying across months depending on
respective monthly demand patterns. Hourly direct normal irradiance values were sourced
from National Solar Radiation Database (NSRD) [39], while hourly optical and thermal
efficiencies were calculated using the model developed in this study. The collector area was
held constant throughout the simulations. Also, the thermal storage capacity was not treated as
an independent design variable but was coupled to the optimized solar field size within the
system optimization framework. It, therefore, remained fixed during the analysis.

The algorithm operates through nested temporal loops, progressing from months to days to
hours, to replicate energy dispatch priorities while accounting for system constraints. At the
start of each monthly cycle, the storage state of charge (SOC) is reset to zero and hourly,
location-specific DNI and efficiency data are processed. Solar generation is prioritized to meet
process demand, with surplus energy directed to thermal storage subject to capacity
constraints, and any excess dissipated. During deficits, the system first deploys stored energy,
accounting for discharging losses; followed by dispatch of a fuelwood-fired boiler, treated as a
load-following backup. This hierarchy maximizes renewable utilization while ensuring
operational reliability under varying irradiation conditions. A flowchart of the simulation
process is presented in Figure 3.
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Figure 3. Flowchart of hourly energy flow simulation
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The hourly dispatch algorithm assumes idealized priority-based control without explicitly
modeling actuator response times, valve dynamics, or ramp-rate constraints of the storage and
back-up systems. Energy flows are resolved at an hourly time step, and switching between
solar, storage and fuelwood sources treated as instantaneous within each time interval. This
approach captures system-level energy balances while neglecting short duration transient
control effects occurring at sub-hourly time scales. Incorporating detailed dynamic control
modeling would increase computational complexity and require additional system-specific
control parameters. Future work may integrate transient control simulation to quantify short
term operational effects and refine dispatch predictions.

The simulation outputs include monthly solar energy generated, energy supplied from
storage, and energy supplied from fuelwood boiler system. In addition, the solar fraction — a
key performance metric — is calculated monthly to capture the system’s responsiveness to
seasonal irradiation patterns. The hourly solar energy generated was computed using eq. (8):

hthg = DNI X h X Ac X N X Nopt ®)

where DNI denotes the hourly direct normal irradiance (MW/m?), & denotes the number of
hours (set to 1), A denotes the total collector area in (m?), Nopt and Ny, represent collector’s
hourly optical and thermal efficiencies, respectively.

The charging and discharging efficiencies were set at 0.99 [40] while the distribution
system efficiency was set at 0.85.

Environmental impact assessment. The reduction in CO emissions resulting from partial
displacement of fuelwood was quantified using an emission factor of 2.27 kg CO; per kg MT
reported for Kenyan tea factories [16], [17]. Baseline factory data indicate that an annual
production of 3,450,000 kg MT requires approximately 11,500 trees [18]. These values were
used as reference case. The annual solar fraction was determined as the average of the
representative high and low irradiation months obtained from the dynamic hourly simulations.
The corresponding reduction in annual fuelwood contribution was then applied proportionally
to the baseline tree consumption and associated emissions.

Economic Analysis

The economic analysis of the optimized linear Fresnel reflector system was conducted
using four key performance indices: levelized cost of heat (LCOH), internal rate of return
(IRR), net present value (NPV), and simple payback period (SP), computed using eq. (9) to
eq. (14) [41], [42]:

)4
LCOH = 2 o
Eannual,thermal
yaz (Ka + Ki + KO&M) yTotal investment (10)
yTotal investment = (1 + Ku) [(1 + Ke)(Cg) + CIAT] (11)
N
NPV = Z Revenue, — Cost; (12)
B L (1+d)t
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N
Revenue; — Cost;
IRR: NPV = - =0 (13)
L 1+4d)

Capital expenditure

SP =
Annual LFR revenue — 0&M

(14)

where: y, is the annualized plant cost (USD), E;nnualthermal 1S the collected annual solar
energy (J), K, is the annuity factor (%), K; is the insurance (%), Kogm 1S the operation and
maintenance (%), YTotal investment 15 the total investment (USD), K|, is the uncertainties (%),
K, is project efforts, Cd is the direct costs (USD/m?), Atis the total ground area (m?), j is the
land acquisition & preparation cost (USD/m?), N is the period of analysis (years), d denotes
discount rate, ¢ denotes time variable in every computation, Revenue, denotes LFR system
returns in period z, Cost, is the system cost at year z.

The constant parametric factors used to estimate the indirect costs are summarized in
Table 2.

Table 2. LFR indirect cost parameters [41]

K, 5%
K, 22.5%
K, 9.368%
K, 1%
Kogm 2%

The economic analysis was conducted over a 25-year period, as recommended by Ordofiez
et al. [41] . The LFR cost estimates were sourced from Khajepour & Ameri [43] as presented in
Table 3.

Table 3. LFR system cost parameters [43]

Solar Field & Storage
Direct Costs (DC)

Site improvement (USD/m?) 20
Solar Field (USD/m?) 170
HTF system (USD/m?) 40
Thermal Storage System 77
(USD/kWhy)
Contingency 10 % of total DC
Indirect Costs
Design & Construction 11% of total DC
Land cost (USD/m?) (site
; 7.63
specific)

Economic indicators relevant to Kenya were considered, including an annual average
inflation rate of 5.14% [44], an import duty of 25% [45], a Value Added Tax (VAT) of 16%
[46], and an interest rate of 12.75% [47].

A deterministic sensitivity analysis was performed around the optimal configuration to
quantify the impact of key uncertainties on LCOH, NPV and IRR. DNI was varied by +4% [39],
thermal efficiency by +6%, capital expenditure by +5% [41], O&M costs by £5% [41].
Furthermore, to assess the generalizability of the economic results, a macroeconomic
sensitivity analysis was conducted around the optimal configuration. The analysis varied key
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financial parameters based on their observed 10-year historical ranges in Kenya: interest rate
(+4.25%), inflation (+4.51%) and VAT (£2%) [46], [47]. Each parameter was varied
independently while the remaining performance and economic inputs retained their respective
base-case values as previously computed.

RESULTS AND DISCUSSION

This section presents the study findings, covering the factory’s energy demand, climatic
and solar resource assessment, model validation, solar field optimization, system performance
during low and high DNI months, economic feasibility and environmental implications of LFR
adoption in the Kenyan tea industry, followed by a detailed discussion.

Climate and Energy Demand at Momul Tea Factory

Figure 4 illustrates the study location’s solar resource and climatic conditions over the
year. The average ambient temperature ranges from 16.6 °C in July to 18.8 °C in March. Wind
speeds are generally low, varying between 1.6 m/s in May, June and July and peaking at 2.6
m/s in February at a height of 10 m [48]. The December — February season experiences high
direct normal irradiation levels, peaking at 6.89 kWh/m?/day in December. Conversely, April,
May and October are characterized by high solar resource intermittency, with October
receiving the lowest direct normal irradiation level of 4.15 kWh/m?/day. The cumulative
annual direct normal irradiation is 1915.59 kWh/m? [25]. Solar thermal linear focusing
technologies are promising in regions with direct normal irradiation values exceeding 4.0
kWh/m?/day and total annual direct normal irradiation values above 1600 kWh/m? [49], [50].
Therefore, the study location receives sufficient direct normal irradiation to support LFR
systems.
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Figure 4. Mean monthly direct normal irradiation, ambient temperature and wind speed [48]

Figure 5 shows the trends in thermal energy demand over the year. Tea production and
thermal energy demand follow similar trends. January records the highest tea production of
441,412 kg while February recorded the lowest production of 240,841 kg. Similarly, the peak
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thermal energy demand of 1,686 MWHh is observed in January while the lowest demand of 920
MWh occurs in February. The total annual thermal energy demand is 17,430 MWh.

Fuelwood is combusted in a boiler to generate steam at a pressure of 8 bar, a temperature of
170 °C and a flow rate of 4,065 kg/h. After the steam is utilized, the condensate is recovered
and redirected to a heat exchanger, where it is used to preheat the feed water to a temperature of
87 °C. On average 1 m> of fuelwood costs KES 3,000 and generates 1,792 kg of steam, which is
used to produce 261 kg MT.
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Figure 5. Monthly thermal energy demand and tea production at Momul Tea Factory

Model Validation Results

Figure 6 illustrates the model validation with published experimental data. From
Figure 6a, the inclination values predicted by the model exhibit a high degree of correlation
with the values across all the three time slots as measured by Pino et al. [34]. The maximum
deviation is 0.4°, with R? values of 0.9995, 0.9995 and 0.9997 for 1 PM, 2 PM and 3 PM time
slots, respectively. Similarly, in Figure 6b, the model closely matches the incidence angle
modifiers (IAM) from Hafner ef al. [37] in both transversal and longitudinal directions. Since
Hafner et al. present TAM values for 4, 8 and 16 modules, only the four-module results are used
for validation in this study. For the transversal case, the R* value is 0.997, with a slight
underprediction between 25° and 45°. The longitudinal case also achieves a strong overall fit
with an R? value of 0.983, with the model slightly overestimating performance between 35° and
70° but still capturing the characteristic decay across the angular range.

In Figure 6¢, the model predictions for the total heat gain by the heat transfer fluid (HTF)
match closely with the measured values across all the six time slots with an R? value of
0.9561. The maximum deviation between the model and measured total heat gain by HTF
was 3.8 kW at 3:30 PM. The beam radiation incident on the receiver dictates the overall heat
gain profile. From 13:00 to 14:00, the radiation levels are relatively high and stable (ranging
between 148.9 kW and 152.3 kW), corresponding with the increasing trend in the heat gain
by the HTF. After 14:00, a sharp drop in beam radiation is observed, reaching a minimum of
88.5 kW at 15:00. This decline is mirrored by a pronounced drop in both the calculated and
measured heat gain, reflecting the system’s response to diminished solar input. The model
and measured outlet fluid temperatures also exhibit a high degree of agreement, with R?
values of 0.9790. The maximum deviation between the calculated and measured outlet
temperatures was 2.7 °C at 2 PM.
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Figure 6. Validation of the model with other studies: (a) Mirror inclination,
(b) Incidence angle modifier and (c) Fluid outlet temperature and total heat gain
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Optimization Results
Optimal parameters. Table 4 presents the optimized geometric parameters of the solar field
— including receiver height, mirror width and row spacing — along with the corresponding
optical efficiency.

Table 4. Optimized parameters

Parameter Optimal value
Receiver height 44m
Mirror width 0.5m
Row spacing 0.2 m
Optical efficiency 66.28%

Figure 7 presents the two-dimensional contour plots that provide a sensitivity-based
assessment of the optimized configuration, showing how optical efficiency varies with small
deviations from the optimal design parameters. The contour plot of receiver height and mirror
width in Figure 7a exhibits a single peak centered near a receiver height of 4.4 m and mirror
width of 0.5 m, respectively. The contours form approximately elliptical patterns around the
optimum, indicating a unique global solution. Below 4.4 m, the optical efficiency increases
rapidly with receiver height due to reductions in shadowing, blocking of reflected radiation and
spillage losses. Beyond 4.4 m, the contours become more widely spaced in the height direction,
indicating reduced gradient magnitude and greater tolerance to further height increases. In
contrast, tighter contour spacing for mirror widths exceeding 0.5 m reflects stronger sensitivity
to aperture enlargement, where increased shading of adjacent reflectors and blocking of
reflected radiation outweigh gains in reflective aperture area.

Similarly, the mirror width — row spacing contour in Figure 7b demonstrates a pronounced
peak at approximately 0.5 m and 0.2 m. Optical efficiency increases rapidly as row spacing
approaches 0.2 m from the lower values due to reduced inter-row shading but declines sharply
beyond this point as reflected radiation increasingly misses the receiver. The comparatively
dense contour spacing along the row spacing axis indicates higher sensitivity to spacing
variations relative to mirror width.

The receiver height-row spacing contour in Figure 7¢ further confirms broader tolerance in
receiver height compared to row spacing, particularly above the 4.4 m optimum. Optical
efficiency rises steadily with height up to 4.4 m and decreases more gradually thereafter,
whereas row spacing exhibits steeper gradients on both sides of 0.2 m.
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Figure 7. Optical efficiency contour plots: (a) Receiver Height vs Mirror Width,
(b) Mirror Width vs Row Spacing, and (c) Receiver Height vs Row Spacing

Overall, the contour topology provides insight into the response surface of the objective
function. Receiver height primarily controls interception efficiency and ground clearance
effects, while mirror width and row spacing strongly influence inter-mirror shading and
reflected beam divergence. The smooth contour regions surrounding the optimum indicate a
stable global solution within the defined design space. A comparison with previous studies,
summarized in Table 5, reveals both consistencies and variation in the optimization trends.

Table 5. Comparison with previous studies

Receiver Type Optimized parameters Study
Optical
W (m) H (m) S (m) efficiency
(%)
Evacuatedtube  04-05 4 (fixed) 0.06-0.25 582-63.41 Ajdadetal. [51]
Evacuated tube 0.25 11.81 - 60.29 Cheng et al. [52]
Multi-tube cavity (.68 - - - Moghimi et al. [24]
Multi-tube cavity 0.28 23 i i Pulido-Iparraguirre
etal.,[12]
Trapezoidal 0.48 — Roostaee & Ameri
cavity 052 O (fixed) i i [53]
Evacuated tube 0.5 4.4 0.2 66.28 Current Study
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There are notable similarities between the results of this study and those reported in
previous works with respect to mirror width and row spacing, which generally fall within the
ranges of 0.4 — 0.5 m and 0.06 — 0.25 m, respectively. The consistencies reinforce the validity
of the presented model. However, a significant discrepancy is observed in the optimized
receiver height. While reported optimal heights reach up to 11.81 m, the present study yields a
lower optimal height of 4.4 m for a medium-sized collector. This variation reflects both the
collector scale and the adopted optimization methodology. In this study, the receiver height is
optimized simultaneously with mirror width and row spacing, capturing the interplay among
these parameters, which significantly influences optimal system performance.

In general, the identification of optimal parametric setpoints ensures a balanced system
design that maximizes the optical efficiency by minimizing shading, blocking, and spillage.

The MATLAB-based simulation results for the evacuated tube receiver are presented in
Figure 8. The inlet HTF and ambient temperatures were maintained at 87 °C and 18 °C,
respectively. As the HTF outlet temperature increases from 100 °C to 300 °C, the thermal
efficiency decreases gradually from 65.05% to 62.6%. However, beyond 300 °C, thermal
efficiency drops steeply, reaching 58.51% at 400 °C. In contrast, the heat loss per unit length
rises significantly with increasing outlet temperature, from 22.76 W/m at 100 °C to 219.76
W/m at 400 °C. This inverse relationship indicates that as the outlet temperature increases,
convective and radiative heat losses become more pronounced, leading to a marked reduction
in thermal efficiency. The sharp decline beyond 300 °C underscores the dominant influence of
the temperature-dependent radiation losses at elevated fluid outlet temperatures.
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Figure 8. Influence of heat transfer fluid outlet temperature on LFR receiver’s heat loss
per unit length and thermal efficiency

Linear Fresnel Reflector System Size. An average daily thermal energy demand of 56
MWh serves as the benchmark to evaluate the capability of each system size in meeting the
energy requirements. Figure 9 illustrates the influence of solar multiple on solar energy
generated and solar fraction. The solar field area ranges between 7680 m? and 23,040 m? as SM
increases from 1 to 3. From Figure 9a, at a SM of 1, the system only meets the 26 MWh
demand during sunny hours. For solar multiples between 1.25 and 2, the system meets the
demand during sunny hours while storing 7.39 — 27.47 MWh of the 30 MWh nighttime
demand. At SM 2.25, the system generates a total of 60.86 MWh, marginally exceeding the
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daily demand. The stored 34.86 MWh fully meets nighttime demand and offers a 4.86 MWh
buffer for variability. Between SM 2.5 and 3, the system produces a surplus for storage,
increasing from 41.2 MWh to 54.93 MWh, with equivalent storage hours varying between 17
and 22.

Secondly, achieving 100% solar fraction is crucial for maximizing the substitution of
fuelwood. Figure 9b shows that at SM values of 2 or lower, the solar field area is insufficient
to meet this target. SM 2.25 marginally exceeds this target. When SM exceeds 2.25, SF
significantly exceeds 100%, indicating a system overdesign for fuelwood substitution.
Therefore, optimal system features a SM of 2.25, 1.03 SF and an area of 17,280 m?, striking a
balance between maximizing fuelwood substitution and minimizing the solar field size.
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Figure 9. Influence of solar multiple on (a) thermal energy generated and stored thermal energy
and (b) solar field size and solar fraction

The technical specifications of the LFR plant are detailed in Table 6.
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Table 6. Technical specifications of the LFR plant

Parameter

Reflective area

Thermal energy storage technology
Thermal energy storage capacity
Steam accumulator volume
Charging Pressure

Discharging Pressure

Feed water inlet temperature

Steam flow rate

Ruth’s Accumulator

34.86 MWh

4065 kg/h

Performance analysis of optimized system

Figure 10 presents the detailed hourly energy flows for each of the selected months,
illustrating the dynamic interplay between solar energy generation, storage dispatch and

fuelwood contribution.
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Figure 10. Hourly energy flows for selected months: (a) January, (b) February,
(c) April, (d) May, (e) October, and (f) December

Table 7 quantifies monthly performance, enabling direct comparison of solar utilization
across seasons.

Table 7. Monthly Energy Summary

Month Demand l;i;;it;;::: From Storage Flill.gvl:)lo d Solar
(MWh) (MWh) (MWh) (MWh) Fraction
January 1684.8 411.07 540.35 733.39 0.5647
February 921.6 252.87 373.41 295.31 0.6796
April 1447.7 246.12 195.24 1006.3 0.3049
May 1478.9 304.87 486.95 687.06 0.5354
October 1634.9 227.11 289.08 1118.7 0.3157
December 1671.8 406.66 479.95 785.23 0.5303

The results demonstrate clear seasonal patterns, with solar fractions ranging from 0.5303 to
0.6796 during high irradiation months (January, February, December) compared to a range of
0.3049 to 0.5354 in low irradiation months (April, May, October). February recorded the best
performance, with the favorable solar conditions and moderate demand (921.6 MWh) allowing
the LFR system to meet 67.96% of the factory’s energy demand. April represented the
system’s most challenging scenario, with fuelwood supplying 69.59% of the 1447.7 MWh
demand due to constrained solar availability.

The storage system’s critical role in mitigating intermittency while enhancing solar energy
penetration becomes evident when examining monthly performance variations. During
January and December, months with similar high demand — 1684.8 MWh and 1671.8 MWh —
storage contributions of 540.35 MWh and 479.95 MWh respectively maintained solar fractions
above 0.53. However, the system’s ability to leverage storage was fundamentally constrained
during low-irradiation periods by insufficient charging opportunities as evidenced by April’s
modest 195.24 MWh storage contribution. This directly correlated with increased fuelwood
dependence, which peaked at 1118.7 MWh (68.4% of demand) in October. The average solar
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fraction in high irradiation months (0.5915) is about 1.5 times that of low irradiation months
(0.3853), highlighting the system’s strong sensitivity to seasonal variations in direct solar
availability. The schematic of the hybrid system is illustrated in Figure 11.
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Figure 11. Hybrid system schematic

In practical operation, system performance may also be influenced by control dynamics
such as valve response times, thermal inertia of the receiver and piping network, storage and
discharging power limits and boiler ramp-rate constraints. During periods of rapidly
fluctuating DNI, these factors can delay charging or discharging responses, potentially
reducing effective solar utilization and increasing short-term reliance of fuelwood backup
system. Consequently, real plant operation may achieve marginally lower instantaneous solar
fractions than those predicted under the ideal dispatch consideration adopted in the hourly
model. However, since industrial thermal demand varies relatively slowly and thermal storage
provides buffering capacity, these short-duration deviations are unlikely to significantly alter
aggregated monthly energy balances or the overall seasonal performance trends.

From those results, although the system is designed to achieve a SF of 1 based on the
average daily thermal energy consumption over the year, performance analysis of hourly
energy flows of six select months highlights the need of hybridizing the system with fuelwood
to ensure continuous energy supply. Fuelwood would contribute to 40.85 % and 61.47 % of the
demand during high and low DNI months, respectively. The Momul tea factory consumes
17,450 trees from 24.93 acres, resulting in approximately 10,358 metric tons of CO2 emissions
annually. The hybrid system would require 7,782 trees from 10.83 acres annually, achieving a
48.84% reduction in both tree consumption and CO> emissions. This significant improvement
helps in reducing deforestation and enhances sustainability in the tea industry.

Economic Analysis of the Linear Fresnel Reflector System

For its exclusive use of fuelwood for thermal energy supply, the factory consumes about
17,450 m? of fuelwood annually at a cost of KES 53,274,807. Based on the current exchange
rate provided by the Central Bank of Kenya [54], this equates to 412,983 USD, resulting in a
levelized cost of heat (LCOH) of 2.49 cUSD per kWh.
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Figure 12 illustrates the economic performance of various LFR system sizes. Figure 12a
shows that both LCOH and payback period generally increases with higher solar multiples. At
SM 1, the system achieves the lowest LCOH of 1.84 cUSD/kWh and the shortest payback
period of 6.02 years, highlighting favorable economic performance at smaller solar field sizes.
However, as the solar multiple increases, the incremental investment outweighs additional
energy benefits, leading to higher LCOH values and extended payback durations. At SM 2.25,
the LCOH is 3.04 cUSD/kWh while the payback period is 8.9 years, beyond which further
increases result in diminishing economic returns.

Figure 12b reinforces this trend through NPV and /RR. At lower solar multiples, NPV is
strongly positive, but it decreases steadily and becomes negative at higher values. Similarly,
IRR declines with increasing SM, with a sharper reduction at lower values that lessens at higher
multiples, reflecting diminishing marginal returns. The financial viability threshold occurs at
SM 2.25 where NPV is 1,288 USD and /RR is 12.78%, above the prevailing interest rate of
12.75% [47]. Beyond this point, NPV turns negative, and /RR falls below the prevailing interest
rate, indicating that solar multiples greater than 2.25 are economically unattractive.
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Figure 12. Economic performance indices: (a) payback period and levelized cost of heat and
(b) net present value and internal rate of return
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Uncertainty analysis. Table 8 shows the sensitivity of economic indicators to the variation
of performance and cost inputs for the optimal configuration (SM = 2.25). Results indicate that
LCOH varies proportionally with capital expenditure (+5%). Variations in DN/ and thermal
efficiency produce an inversely proportional change in LCOH due to its direct influence on
annual thermal energy yield. NPV is most sensitive to capital expenditure, exhibiting
approximately +25% variation for +5% change in capital expenditure, reflecting the influence
of upfront investment on long-term cash flow. O&M cost variations exert moderate influence
on NPV, while DNI and thermal efficiency variations produce smaller NPV shifts, with +4%
and 6% variations occasioning +5% and +7% changes, respectively. /RR shows
comparatively limited sensitivity, all within +2%, remaining close to but above the prevailing
interest rate under the tested uncertainty bounds. Overall, the system retains economic
feasibility under realistic variations in solar resource, performance and cost parameters,
although capital expenditure remains the dominant economic risk factor.

Table 8. Sensitivity of Economic Indicators to performance and cost inputs

Parameter Variation LCOH change NPV change IRR change
DNI +4% +4% +5% 10.12%
Thermal +6% F6% +7% +0.18%
efficiency

Capital +5% +5% F25% 0.20%
Expenditure

O&M cost +5% +2% +8% +0.08%

Table 9 shows the sensitivity of economic indicators to the variation of key financial
parameters for the optimal configuration (SM = 2.25). The results indicate that NPV is
particularly sensitive to variations in interest rate. Since the optimized configuration yields a
marginal baseline NPV (1,288 USD), +4.25% changes in the interest rate produce
comparatively large relative shifts (+30%) in NPV over the 25-year analysis period. Higher
interest rates substantially reduce discounted cashflows, thereby compressing profitability
margins, while lower financing costs improve economic attractiveness. The variations also
occasion a +6.9% change in LCOH and +1.8% change in /RR, indicating that financing
conditions materially influence both cost competitiveness and investment performance. At an
elevated interest rate of 17%, the /RR decreases to 12.55%, falling below the baseline financing
threshold and rendering the project economically unattractive under such borrowing
conditions. VAT variations primarily affect capital expenditure and therefore induce modest
shifts in LCOH and NPV. +2% VAT variation occasions +1.97% and +4.96% changes in
LCOH and NPV, respectively. However, given the marginal profitability of the optimized
configuration, even small capital cost adjustments translate to measurable changes in /RR,
reinforcing the sensitivity of this configuration to fiscal policy parameters. Inflation
predominantly influences long-term operating cost escalation and revenue progression over the
25-year analysis period. Within the tested +4.51% range, inflation variations result in
approximately +4% change in LCOH and +10% in NPV (1,159 — 1,417 USD). The associated
IRR varies by approximately +0.35%, yielding a range of 12.43% to 13.13%. While these
variations are less pronounced than those occasioned by interest rates fluctuations, higher
inflations slightly compress long-term profitability by reducing cash flow margins.
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Table 9. Sensitivity of economic indicators to financial parameters

Parameter . LCOH ‘ o
Range considered (cUSD /kWh) NPV (‘000 USD) IRR (%)
Baseline - 3.04 1.288 12.78
Interest rate 85-17% 2.83-3.25 0.902 - 1.674 12.55-13.01
VAT 14 -18% 2.98 -3.10 1.224 - 1.352 12.73 —12.83
Inflation 0.63 —9.65% 2.92 -3.16 1.159 - 1.417 12.43 -13.13

Overall, the analysis demonstrates that while optimized LFR configuration remains
economically viable under moderate macroeconomic fluctuations, its marginal NPV makes it
particularly sensitive to financing conditions. These findings underscore the importance of
stable borrowing environments and supportive financial frameworks in enhancing the
attractiveness of industrial solar thermal systems.

CONCLUSIONS

This study presents a comprehensive modeling, optimization and economic evaluation
framework for a medium-temperature LFR system designed for direct steam generation in a
Kenyan tea factory. Distinct from prior studies that optimize isolated geometrical variables or
assess collector performance without consideration of actual operational dynamics, this work
undertook a simultaneous multi-parameter optimization of receiver height, mirror width and
row spacing to maximize optical efficiency within a unified objective framework. The
optimized solar field was subsequently embedded within a dynamic hourly hybrid system
model incorporating thermal storage and fuelwood backup, enabling realistic assessment under
continuous industrial operation. This coupling of geometric optimization with operational
performance modeling provides a more comprehensive representation of real-world
deployment conditions. An optimal solar multiple of 2.25 provided 14 hours of energy storage
with average solar fractions ranging from 0.3853 to 0.5915 in low and high DNI months,
respectively, highlighting the need for hybridization with fuelwood to ensure continuous
energy supply. The hybrid configuration achieved a 48.84% reduction in annual tree
consumption and associated CO> emissions, demonstrating meaningful environmental benefits
while maintaining energy reliability. Beyond technical optimization, the study applied a
multi-metric economic framework incorporating SP, LCOH, NPV and IRR to assess financial
viability, with a sensitivity analysis covering performance uncertainties, capital and operating
cost variability and macroeconomic fluctuations.

The optimal configuration achieved a payback period of 8.9 years, NPV of 1,288 USD, IRR
of 12.78%, exceeding the prevailing interest rate. By undertaking simultaneous optimization of
geometric parameters, dynamic hybrid system modeling and comprehensive economic
assessment within a specific industrial application, this work advances LFR research toward
holistic, deployable, and financially grounded solutions for industrial process heat. The
framework is replicable and adaptable to other geographical and industrial contexts, thereby
contributing practical value to the field.
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NOMENCLATURE
Symbols
Ase filling coefficient
Ap collector’s aperture area
At total ground area
cd direct costs
G land acquisition and preparation cost
DC direct costs
DNI direct normal irradiance

Eannual,thermal

Jo
Sfint
Js

Qcondabs
Qcondgl
Qcondgl
QCOnVenV

QcoanTF

collected annual solar energy
blocking factor

intercept factor

shading factor

annuity factor

project efforts

insurance

operation and maintenance
uncertainties

longitudinal and transversal incidence angle
modifiers
levelized cost of heat

mass flow rate

Net Present Value

number of photons

power incident on absorber surface
power incident on collector surface
power per photon

conductive heat transfer between the inner
and outer absorber tube surfaces

conductive heat transfer between the inner
and outer surfaces of the secondary reflector
conductive heat transfer between the inner
and outer glass cover surfaces

convective heat transfer between outer glass
surface and ambient air

convective heat transfer between the inner
absorber tube surface and heat transfer fluid
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[USD/m?]
[USD/m?]

[USD]

[W/m?]

[J]
[-]
[-]
[-]
[%0]
[%]
[%0]
[%0]
[%6]
[-]
[USD]
[ke/s]
[USD]
[-]
[W]
[W]
[W]
[W/m]
[W/m]
[W/m]
[W/m]

[W/m]
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QCOHVSFEHV

Qsolabs
Qsolgl
Qu_total

Qradann
Qradglsr

Qradsenv

N
N
soc

Greek letters
aS
ar

Bi

Ya
YTotal investment
Msa
Nopt
Ntherm
0,

Ps1

DL

D

Vi

Vs

Abbreviations

CSp
DSG
HTF
IAM
IRR
KMD
LFR
MCRT

convective heat transfer between the outer

secondary reflector surface and ambient air [W/m]
radiation absorbed by the absorber tube [W/m]
radiation absorbed by the glass cover [W/m]
total useful heat gain [W]
radiative heat transfer between the outer [W/m]
absorber tube and inner glass cover surfaces

radiative heat transfer between outer glass [W/m]
surface and the secondary reflector

radiative heat transfer between outer [W/m]
secondary reflector surface and environment

row spacing [m]
sun altitude angle [°]
state of charge [%]
fluid inlet temperature [°C]
fluid outlet temperature [°C]
steam accumulator volume [m’]
primary mirror width [m]
solar altitude angle [°]
transverse solar altitude angle [°]
angle between i™ mirror and horizontal €]
ground plane

annualized plant cost [USD]
total investment [USD]
steam accumulator efficiency [-]
optical efficiency [-]
thermal efficiency [-]
zenith angle [°]
density of saturated liquid in [kg m3]
longitudinal incidence angle [°]
transversal incidence angle [°]
mirror inclination angle [°]
solar azimuth angle [°]

Concentrated Solar Power

Direct Steam Generation

Heat Transfer Fluid

Incidence Angle Modifier

Internal Rate of Return

Kenya Meteorological Department
Linear Fresnel Reflector

Monte Carlo Ray Tracing
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MT Made Tea
NSRD National Solar Radiation Database
PMV Pressure Maintaining Valve
PRV Pressure Regulating Valve
PTC Parabolic Trough Collector
SF Solar Fraction
SM Solar Multiple
TES Thermal Energy Storage
VAT Value Added Tax
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APPENDIX Al: Computation of intercept, blocking and shading loss factors

Figure 13 illustrates the shading between primary mirrors.
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Figure 13. Shading between mirror rows in LFR field. Adopted from Abbas & Martinez [55]

The intercept factor is influenced by the mirror inclination and was determined using
eq. (15):

hr
fint = ?Izo IwH_l—fl (15)
2(_2 +5i+1)

where N is the total number of rows, wdenotes the primary mirror width and s denotes the row
spacing.
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The shading loss factor of mirrors i+1, fsi+1), was computed using eq. (16) [55]:

Wi
i+1_ )
2 Wns(i+1)

(16)
Wit

fs(i+1) =

where the non-shaded fraction of the mirror width was calculated using eq. (17) [55]:

Wit1

r— , 17
sin(m —§—M,)" 2 1n

_ w; sin(m — 8§ — M;) sin(§)
Wns(i+1) = min| | S — > sin(3) X

For N number of rows, the total shading loss factor was determined using eq. (18)

w;
£=3N -Whs(ir1)
S T 4&i=0

18
Wit1 (18)
Eq. (15) to eq. (18) indicate that the shading factor depends on the spacing between mirror
rows, S, sun altitude angle, S, inclination angles of the mirrors in the various rows, M;:1, and
mirror widths, w.

The blocking loss factor of mirror row i+1, fyi+1), was calculated using eq. (19) [55]:

Wi
i+1_ .
2 Wnb(i+1)

(19)
Wit1

fo+r) =

where the width of the unobstructed portion of the half mirror was determined using eq. (20)
[S55]:

s w; sin(m—ygi41—M;) sin(YRri+1) Wit
Wnb(i+1) = min ((S - X

> 20
2 sin(yRri+1) sin(m-yRri+1-Mi+1)’ (29)
For N number of rows, the total blocking loss factor was computed using eq. (21):
Wi+1_Wnb(i )
fo =Zio [— — l 1)
i+1

The blocking factor depends on the spacing between mirror rows, the angle formed
between transverse axis and the straight line connecting the mirror rotation axis to the
receiver’s centre line, yr, height of the receiver, inclination angles of the mirrors in the various
rows, M, M;+1, and mirror widths, w;, wi+1. yr was computed using eq. (22) and eq. (23) [55]:

+S
= VRZ (22)
. Vs
M, = = —B; (23)
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APPENDIX A2: Thermal model

Figure 14 illustrates the heat flow in the receiver.
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Figure 14. Heat flow in the evacuated tube receiver with secondary reflector

The heat transfer processes encompassing conduction, radiation and convection across
different surfaces were quantified using the equations and correlations from reference models

as detailed in Table 10.

Table 10. Heat transfer quantities

Quantity (W/m) Reference model
Radiation absorbed by the absorber tube and glass cover (Qsolabs» (56]
Qsolgl) )

Convective heat transfer between the inner absorber tube surface

and HTF, (QconvuTr)
Conductive heat transfer between the inner and outer absorber tube

surfaces, (Qcondabs)
Radiative heat transfer between the outer absorber tube and inner
glass cover surfaces, (Qradann)

Conductive heat transfer between the inner and outer glass cover
surfaces, (Qcondgl)
Convective heat transfer between outer glass surface and ambient

air, (Qconvenv)
Radiative heat transfer between outer glass surface and environment
and the secondary reflector, (Qradenv, @radglsr)

Conductive heat transfer between the inner and outer surfaces of the
secondary reflector, (Qcondgl)

Convective heat transfer between the outer secondary reflector
surface and ambient air, (Qconvsrenv)

Radiative heat transfer between outer secondary reflector surface
and environment (Qradeny)

[10], [56], [57]

[56]

[56]

[56]

[561, [58], [59], [60]

[34]

[56]

[S6], [61]

[34]
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To obtain the wind speed used in the computation of Reynold’s number for convective heat
transfer between the outer glass cover and ambient air and between outer surface of the
secondary reflector and ambient air, the site wind speed was corrected based on the receiver
height above the ground [60].

The energy balance at the various surfaces at steady state is expressed using eq. (24) to
eq. (29):

Qconvsteam = Qcondabs (24)

@solabs = Qcondabs T Qradann (25)

Qcondgl = @radann (26)

Qsolgl T Qcondgl = CQradsr T Cradenv T Qconvenv (27)
Qcondsr = Cradsr (28)

Qcondsr = CQconvsrenv + Cradsrenv (29)

The convective heat transfer on the inner surface of the secondary reflector was neglected
in this model, as its influence on the useful heat gain by HTF is minimal.

APPENDIX A3: System Optimization and simulation

Geometric parameter optimization. An objective function was formulated for maximizing
optical efficiency by optimizing the receiver height (), mirror width (#) and row spacing ().
To achieve this, the intercept, shading loss and blocking loss factors were quantified
iteratively. Eq. (3) to eq. (5), were combined as shown in eq. (30) where the number of photons
reaching the receiver surface and optical efficiency were expressed as functions of H, W, and S:

Nph(H; w, S) X Pph
DNI X Ay (W)

T’Opt(Hr Wr S) = (30)

From the intercept, shading loss and blocking loss factors computed in eq. (15), eq. (18) and
eq. (21), respectively, the number of photons reaching the receiver was computed using

eq. (31):

Non(H,W,8) = fine(H,W,8) X (1 = fs(H,5,W)) X (1 = fo(H, W, S)) X Npni (W) €2))

where f; and f}, denotes the fraction of photons lost due to shading and blocking, respectively,
and Npp; denotes the number of incident photons dependent on DNI and mirror area.
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The total reflective aperture area was computed using eq. (32):
Ap = L XW X Nyows (32)

where Ny denotes the number of rows and L is a fixed length of the primary mirror.
Substituting eq. (31) and eq. (32) into eq. (30), the optical efficiency was computed using
eq. (33), while the objective function was expressed by eq. (34):

fint(H,W,S)X(l—fS(H,W,S))X(l_fb(H,W,S))XNphi(W)XPph

nopt(H' w,s) = DNIXLXWXNyows (33)

Objective Function: F(X) = 1opt(X) (34)

where X is the decision variable consisting of height of the receiver, H, mirror width, # and
row spacing, S subject to the constraints and boundary conditions summarized in Table 11.

Table 11. Decision variables, boundary conditions and constraints

Number  Decision Boundary Constraints
variables Conditions

1 H [1, 15] 0.5 fir =1

2 w [0.1, 2] 0<f, <02

3 N [0.05, 1] 0< /<02

Key constants in the optimization include the location’s weighted average hourly direct
normal irradiance (DNI), mirror length (L), power per photon (Ppr) and number of rows (Nrows).

Eq. (15) to eq. (23) are inherently multivariable and non-linear due to their angular
dependencies and the inclusion of trigonometric functions. Consequently, the objective
function was solved in MATLAB using the fmincon function, a nonlinear multivariable
optimizer.

The other geometric parameters were kept constant as presented in Table 12.

Table 12. Fixed geometric parameters [57], [37]

Fixed parameters
Number of rows 11
Number of mirrors 11
Length of each mirror 4m
Length of absorber tube 4 m
Half acceptance angle of secondary reflector 46 °C

The optimization parameters were constrained to one decimal precision within the fmincon
function to reflect realistic engineering tolerances and practical constructability considerations.
To further examine the interdependence of geometric design variables, two-dimensional
contour plots of optical efficiency were generated using the same objective function
implemented in the fmincon optimization routine. The remaining variable was held at its
optimized value.
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System size optimization. The primary goal was to determine an appropriate LFR system
size that maximizes the factory’s fuelwood substitution while ensuring uninterrupted steam
supply for tea processing, which operates in continuous 24-hour cycles. To achieve this, a
thermal energy storage (TES) unit was employed in the direct steam generation (DSG) system.
To enable storage, the analysis considered solar multiples (SM) greater than 1, allowing the
system to generate excess steam beyond the instantaneous demand. SM is defined as the ratio
of thermal energy supplied by a solar system to the actual thermal energy demand [62]. The
average thermal energy demand during sunny hours was used to calculate SM values, and the
corresponding storage capacities were evaluated based on average nighttime energy needs. The
average daily thermal energy demand was computed using eq. (35):

o
n=
d
Dthav = Ta (35)
where Mg denotes the monthly thermal energy demand and Nu. represents the monthly factory
operational days.
The average daily thermal energy demand during sunny hours was computed using

eq. (36):

Dthav X Ns

Dtnsav = ——7— (36)

where Ng denotes the average daily sunny hours.

To achieve maximum substitution of fuelwood, a solar fraction (SF) of 1 was targeted. SF
represents the ratio of the energy provided by the solar system to the total thermal energy
demand. The SF values corresponding to the various system sizes were evaluated.

A Ruth’s steam accumulator, a type of variable pressure storage and well suited for
saturated steam applications, was selected for this study. Structurally, it consists of a vessel
mostly filled with water and a small steam space above, enabling large latent heat storage [63].
These systems can be charged with steam at a relatively high pressure but are designed to
discharge a lower pressure aligned with the process requirements [64]. In this study, the unit
operated at a charging pressure of 12 bar and a discharging pressure of 8 bar, enhancing
response capability while ensuring effective load matching.

The steam accumulator for the optimal system was sized using eq. (37) [40]:

1 X 3600 X t .
2 Psl X Nga X Afc

where V;, denotes the accumulator volume in m?, i1 is the mass flow rate in kg/s, ty, is the
storage time in hours, pg is the density of saturated liquid in kg/m?, ng, is the accumulator
efficiency, typically 0.8 [65], and is the Ag is the filling coefficient, typically 0.9 [40].
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