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Abstract

This research work proposes and evaluates an enhanced open-loop photo-voltaic evacuated tube solar
thermal collector hybrid energy system based on the developed multi-objective energy management strategy
that manages and coordinates the hybrid system with a randomly unreliable grid power source to meet the
health center's energy demand using the TRNSYSS software. A technical assessment of the system shows that
the system is capable of meeting system load with a solar fraction of 67% even on days with an overcast sky
level of radiation as low as 250 W/m? and only 37.5% grid power availability. Overall, the system has a solar
fraction of 80%. The implication of an 80% solar fraction is the large environmental benefit of reducing
emissions and improved system economic viability, indicating that the formulated energy management
achieves the goal of promoting renewable energy sources in the hybrid system. An economic analysis of the
system revealed that it has a payback period of 6.9 years and net present value of $36,985 at the end of the
project's lifetime. This demonstrates that the upgrade of the traditional hybrid PVT with an evacuated tube
collector operated based on the developed energy management strategy has met the goal of minimizing
emissions with significant environmental and economic savings.

Keywords: Multi-objective energy management, Hybrid PVT collector, Payback period, Net present value,

Grid connected.

1. Introduction

Most developing countries’ power is grossly
inadequate, going by their population [1].
Moreover, frequent and unpredictable outages are
the dominant characteristic of grid power in most
developing countries, as reported by the recent
report released by the International Finance and
Cooperation (IFC) in the meantime, the hybrid
energy system, which combines conventional and
renewable energy systems, is unarguably the
option that offers the best compromise between
the economic and environmental protection for
communities with low access to grid power [2].
For example, the photovoltaic-solar thermal
energy system is a technology that simultaneously
produces both power and thermal energy suitable
for application in the building sector since its
energy demand is predominantly power and
thermal energy. Even though the great potential of
the hybrid PVT energy system is a good match for
residential applications, its wide adoption in many
locations is still a challenge [3]. The low installed

capacity of renewable power despite reported
good potential [4]-[6] and persistent energy crisis
is evidence of these obstacles.

Amirmohammad et al. [7] provided a novel,
practical, and cost-effective solution to reduce the
environmental impact of smart building energy
systems and promote greater use of renewable
energy in the construction industry. This solution
is based on the use of a rule-based automation
approach that takes into account thermal comfort,
energy prices, meteorological data, and primary
energy use.

For successful hybridization of renewable energy
resources with a randomly unreliable grid power,
selecting an energy management strategy that
ensures optimal and dependable operation is
necessary to deliver on the desired objective.
Understanding the most important performance
criteria such as system reliability, solar fraction,
and profitability indices of return on investment
and net present worth among others depending on
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the desired objective, is the only way to arrive at
the best technical and financial solution [8]. For
example, the ideal technological consideration for
a hybrid system with battery storage is to keep the
battery's operational status at 20% to 30% depth
of discharge (DOD), and replaces the battery
when its capacity falls to 80% of its nameplate
capacity[9]. The control approach adopted by [10]
is designed to lower the system operating costs of
a hybrid energy system comprising of a solar
panel, wind turbine, and fuel cell connected to
grid power.. Similarly, in one study, to ensure that
load demand is met satisfactorily with optimal
economic value, a Genetic Algorithm (GA) is
used for the coordination and operation of a
hybrid PV/FC/battery system [11]. An energy
management strategy (EMS) whose goal is to
minimize the total life cycle cost while ensuring
demand is met was proposed by [12]. The concept
of load shifting was employed by [13] to
coordinate the utilization of energy storage from a
hybrid photovoltaic and wind with battery storage
integrated with a grid power system. The result
shows that the ideal load shifting in the control
strategy resulted in a 25.66 % decrease in energy
cost and a 91.72 % decrease in battery
degradation cost compared to the simple basic
control without load shifting when discharging the
battery [13].

In an attempt to increase distributed energy
system stability and reliability, a new control
mechanism incorporating day-head demand
response energy for the management of rural
standalone energy systems was formulated [14].
Based on the objective of balancing power supply
with the load demand [15] proposed based on a
rule-based energy management algorithm, a smart
energy management system for a grid coupled
hybrid solar/wind/biomass. A flexible multi-
winding magnetic link operating in both grid-
connected and off-grid modes is proposed to
synchronize the energy operation from PV panels
and fuel cells with battery bank storage. The goal
was to have a real-time rule-based controller that
controls the power flow in the system optimally
based on the desired objective. The analysis of the
results revealed a reduction in total energy costs
for grid utilization from 2.13 $/day to 0.315 $/day
[16]. The sizing methodology of a hybrid
renewable energy system that utilizes the
economic predictive model energy management
approach was investigated for a standalone hybrid
wind/PV system with hydrogen and battery
storage [17]. In another study, a cost-effective
algorithm for optimizing the operation of a hybrid
renewable smart grid distribution system was
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proposed. The proposed algorithm is focused on
maximizing the use of renewable energy sources
while simultaneously minimizing the overall cost
of meeting the load demand. Furthermore, the
batteries are also controlled by an intelligent
energy technique that forecasts and discharges the
battery only when there is no significant load
expected in the near future [18]. An evaluation of
a hybrid energy system consisting of photovoltaic
panels, hydrokinetic, wind turbine, battery
storage, and diesel generator for power generation
under Persian Gulf Islands weather conditions was
carried out by [19]. An investigation by [20]
revealed that the adoptive model control strategy
used to control the ground source heat pump
(GSHP)-PVT hybrid system increased electricity
production by 4.4% and 6.2% during cooling and
heating, respectively. Sanjel and Baral [152]
compare the grid power option with a
photovoltaic hybrid energy system with diesel and
battery storage as backup for power supply in
rural communities of Nepal. The authors
concluded that the grid power source is favorable
with reduced cost of fossil-based power
generation, whereas for islanded communities
with low power demand, photo-voltaic energy
systems with battery and diesel generator provides
reliable and affordable power alternative.
Similarly, energy management for a micro-grid
system with a wind/PV/Battery system based on
battery state of charge (SOC) was designed and
assessed by Liu et al. [21]. The authors concluded
that an intelligent decentralized energy system
with wind /PV/battery meets the designed load
with good reliability and provides a quick,
smooth, and steady state of the switchover of the
system.

According to [125], an adoptive model control
method employed to control the GSHP-PVT
hybrid system resulted in a 4.4% and 6.2%
increase in power generation. [22] investigated a
grid-connected hybrid renewable energy system
controlled based on the improved particle swarm
optimization technique. Allouhi et al. [23]
assessed the energetic performance of a grid
integrated hybrid PVT energy system for building
application using the TRNSYS software
employing an energy management strategy that
control a hybrid energy system that consist of
PVT/Wind/storage tank integrated with reliable
grid power. The control strategy was based on a
simple load balance ensuring system reliability.
The economic performance indicator revealed a
solar fraction of 64.8%, a self-sufficient ratio
(SSR) of 90.25% and a self-consumption ratio
(SCR) of 43.08%. The lower SCR means about
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57% of the power produced by the renewable
energy system is sold back to the grid. However,
whether the system has a positive Net Present
Value (NPV) is unclear. Behzadi et al. [7] used a
supply-demand  side  energy = management
technique to coordinate a hybrid PVT and
biomass energy system integrated with the
national grid to fulfil building thermal and power
demand in Stockholm. The proposed system is
based on a rule-based automation method that
takes into account the study location's thermal
comfort, energy pricing, meteorological data, and
primary energy use. The goal is to reduce energy
costs and carbon emissions by minimizing the
footprint of smart building energy use. As a result,
61% of the renewable energy generated was
utilised to meet demand in the facility, suggesting
a significant economic savings. The system has
the ability to reduce CO, emissions by 70 tons per
year.

A wide range of literature has reported studies on
hybrid PVT energy systems integrated with
reliable or grid with scheduled outages for
domestic application. However, in developing
countries grid power is highly characterized by
frequent outages [24], [25]. Critical sectors like
the health facilities cannot deliver quality health
services without adequate and reliable power.
There is the need to find alternative power to grid
power to support critical sectors like health
centers.

According to the review, no study has been
examined for hybrid PVT integrated to a
randomly unavailable grid power source based on
an open loop cooling control method for use in
critical sectors such as hospitals. This study
develops and tests a novel open-loop photovoltaic
evacuated tube solar thermal collector hybrid
energy system (OPVETC) connected to a grid
with random power loss. The goal is to develop an
energy management system that manages and
coordinates the OPVETC hybrid PVT with a
randomly unreliable grid power source in order to
meet the health center's power and hot water
demand in a more efficient and cost-effective
manner, resulting in a significant increase in the
system's economic net worth and environmental
protection.

For this study, the random power failure grid
connected OPVETC is used to meet the power
and hot water demand of a typical health center
located in Jos to demonstrate the benefit of the
system and energy management strategy.
Consequently, the OPVETC is modelled using the
TRNSYS 18 software, and simulated and assessed
based on the developed multi-objective Energy
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Management strategy (EMS) that meets total
building power and hot water demand in the most
reliably, economical, and environmentally
friendly manner. An economic and environmental
assessment of the proposed system based on the
simulated performance using TRNSYS software
under weather data of Jos, Nigeria was conducted
to evaluate the benefits of the new system
operated based on the developed energy
management system.

2. Materials and method

In this section, a simple description of the open-
loop photovoltaic evacuated tube solar thermal
collector hybrid energy system (OPVETC)
coupled to a grid characterized by random power
failure is presented. The approach for the
modeling of the system is also presented.
Furthermore, the system's energy management
and operating strategy for the control and
coordination of the OPVETC is also formulated.

2.1. Description of study location and energy
system

The proposed OPVETC hybrid energy system
consists of the evacuated tube collector (ETC) and
the sheet-and-tube PVT collector array. Two hot
water storage tanks are included as additional
components. To store extra power produced by
the PV panel, a battery storage system is included.
As a backup, a small diesel generator set is added
in case the building's demand cannot be met by
renewable energy. A smart microcontroller
integrates the hybrid energy system, the small
diesel generator, and the inconsistent grid power
sources to efficiently coordinate the power
produced by the power element to efficiently fulfil
the energy demand of a health center. The full
methodology starts with the modelling of the
energy systems, comprising of the unreliable grid
power, the diesel generator, and OPVETC. After
the energy systems modelling, the building load is
estimated and finally the energy management and
flow control strategy that coordinates the system
is further developed, as illustrated in figure 1.

2.2. Energy system modelling approach

In this study, the transient system simulation tool
TRNSYS 18 is selected for the system modelling,
performance simulation, and evaluation. TRNSYS
18 is a modular software package with a
comprehensive library of validated components
like the PVT collector [187] [188] models that can
be customized to any conceived energy solution
and with great flexibility for adaptation for
different applications.
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A detail dynamic model as seen in Figure 2 of the consists of the various system components
system, as depicted in the schematic as shown in referred to as ‘Type’ found in the simulation
Figure 1, is developed as a representation of the library. The model components are connected in a
actual system to predict the system performance manner that represents the actual working of the
and evaluate the annual performance under the real system. The function of each component of
actual load and weather conditions of the case the model is explained in table 1 below.
study using the TRNSY'S 18 software. This model
e e O omet'™™  Buiaing eneray model
e . .
r o I R
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Figure 1. Schematic representation of the energy system and energy management technique.
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Figure 2. Detail dynamic TRNSYS model of the OPVETC hybrid energy system.

Table 1. OPVETC system components model and their functions.

Name Type
Weather processor Type 15
PVT collector Type 560

Evacuated tube collector ~ Type 71

Solar pump Type 110  Models a variable speed solar pump that circulates the cooling water through the solar collectors.
Controlled by input from other controllers.

Forcing function Type 14 Models the hot water demand load profile. The output of this component serves the purpose of
presenting the hot water drawn from the tank.

Diverter Type 11 This component splits a fluid stream into two streams according to the user-specified ratio.

Battery storage Type 47 Models a lead-acid battery storage system. The model accepts power as input to charge the battery and
outputs power to meet the load.

Inverter/ regulator Type 48 The function of this component is to convert the direct current (DC) to alternating current (AC).

Function/Action

It serves to process the weather data from an external weather data file at a given time step and make it
accessible to other components of TRNSYS.

The type 560 models an un-glazed sheet and tube PVT collector that produces both powers from the PV
module and hot water from a fluid stream passing under the PV module used to cool it.

This component models the thermal performance of a variety of an evacuated tube collector.

Hot water storage tank Type 158

This unit models the thermal behavior of a vertical hot water storage tank with two inlets and outlets.
Interacting with the hot fluid inside the tank and environment to predict the temperature of the fluid
content.

Equation blocks

The equation blocks are not found in the library as the rest of the components. They are used to develop energy
and flow control strategies that control the system to effectively meet energy demand. It is equally valuable for
evaluating the performance of the system
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2.3. Energy management and dispatch strategy
For this study, the proposed energy management
and the grid dispatch strategy is based on the
Follow-Electric-Load (FEL) control strategy that
prioritizes power from the PV module to meet the
load. For this strategy, the various power elements
in the system are set to produce the electric and
thermal energy that follows the thermal power
demand pattern and extra steps to ensure that
excess of what is required is minimized. The PVT
power production is first used to meet power
demand, and the excess is used to charge the
battery. Power from the grid is only taken when
power from the PVT collector is insufficient to
meet the load completely, and the battery power
has been discharged to 20% of its storage
capacity. In other words, when the PVT power is
not adequate to meet power demand, the battery
storage power is called to be used first and must
be expended to 20% of the battery storage
capacity before the grid power can be dispatched
if available. In this study, the battery's maximum,
and minimum state of charge (SOC) limits are set
at 80% and 20%, respectively, in order to ensure
its security to extend the battery life [28], [29].
Notably, for periods where the PV power is
unavailable, the grid power is used to meet load
and equally charge the battery until the battery is
fully charged or the grid goes off due to outage.

Consequently, when the PV power is unavailable,
the grid power dispatched is modelled as power
sufficient to meet load demand and charge the
battery until the battery state of charge (BSOC) is

Read PV powel

r
output

100% as illustrated in flow chart in figure 4. In
this study, the excess power generated is dumped
when the load is fully met and the battery state of
charge is 100%, as this is the right scenario in
most developing countries with unstable grid
power [24], [25] and with no feedback tariff grid
policy. The flow chart and the control logic for the
energy management control and dispatch strategy
are shown in figure 3 and figure 4.

Since grid energy is dispatchable when available,
and the grid power source in this study is
characterized by random failure, a model has also
been developed that predicts the grid power
dispatched. The developed model predicts the grid
availability and unavailability and decides how
much grid power is required at each step to avoid
taking excess grid. Figure 4 is a flow chart of how
the grid operation was modelled. Under this
control operation, the grid power charges the
battery only when there is no excess power from
the PV or the excess power is not sufficient to
charge the battery to 100% of its capacity. In other
words, for the period where the PV power is
entirely unavailable, the grid power is modelled as
the total electric power demand of all the building
appliances plus the battery maximum charging
power for a battery with a state of charge (BSOC)
less than 100%. When the PV power is available,
grid power can only be dispatched as the balance
required to meet the unmet load by PV and the
maximum charging power needed to charge the
battery to 100% of its power capacity as
illustrated in the flow chart in figure 4.

is the battery fully charged,

0 = Jomod padung

Compute loss of
load probability

Is battery stored
energy > 20% of its

capacity

Is grid power available

Is load met completely
before grid outage:

Loss of load
probalbilty =0

loa ith Compute loss of
uj en, load probalbilty

}.7

J |

Figure 3. Detailed control logic and the modelled energy management strategy.
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Figure 4. Flow chart model of grid power dispatch.

2.4. Validation and verification of system
model

It is a common practice to determine whether a
formulated system model and its outputs are valid,
and to a large extent, represent the actual system
and its outputs. In this study, the verification and
validation (V & V) methodology as used by
Sigarchian [30] to validate a small-scale
polygeneration energy system, is adopted. By this
technique, the closeness of the conceptual model
to the actual system and its outputs are
ascertained. The V & V verification approach
compares component-by-component outputs of
the formulated components of the modelled
system to the description of the expected
theoretical behavior as found in the literature. To
this end, different studies have experimentally
validated the Type 560 of the PVT collector
model found in the simulation library of TRNSYS
[26], [27], [31]-[33]. Similarly, Type 56 of the 3D
building model found in TRNSYS have been
experimentally validated in other studies[34],
[35]. Furthermore, the simulated output of the
evacuated model (Type 73) was found to be
13.7% variance with the experimental result under
a quasi-steady state in a study conducted by [36].
In addition, an energy balance analysis to check
the relative accuracy of the formulated system
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model was conducted utilizing an energy balance
subroutine (Type 28) obtained in the TRNSYS
library. This subroutine (Type 28) checks and
compares the energy flows across the system
boundary and determines if the flow across the
system boundary is balanced. Energy flows
(losses and gains) of several components of the
entire system are linked to this component
specifying whether it’s a loss or a gain. For this
method, the system power and thermal boundaries
of system components are analyzed separately, as
shown in figure 5. The yellow arrow shows all
gains across a component boundary with direction
pointing into the boundary. Likewise, all losses
are indicated by the arrow pointing outwards of
the boundary. AIll losses have a negative
convention for analysis, and all gains are assigned
positive values. The simulation summary
subroutine (Type 28) performs the monthly and
annual arithmetic on all energy quantities
connected to it. Consequently, if the energy
balance between the system gains and losses is
within a 2% error, then the formulated model is
appropriately set up, and the simulated model
converges within the specified time step and
tolerance error; otherwise, a warning will be
issued in the *.Ist and *.log file [37].
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Figure 5. Schematic of power energy system balance (a) and the thermal energy balance (b).

2.5. Performance assessment

The energetic, economic, and environmental
indices of energy systems are essential
requirements to evaluate and compare the studied
system with existing systems. Important indicators
for the assessment and comparison include the
collector efficiency, solar fraction, loss of power
probability, and renewable fraction. The electrical
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efficiency n,; and thermal efficiency 7, are the
electrical and thermal gains divided by the solar
irradiance on the surface area of the solar collector
as defined in (1). This indicator reveals the
collector's capacity to convert the solar energy
that falls on it to power and thermal energy. A
lower value indicates that most solar energy is
lost.
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l)Vpower +Q,
ItAc

[38] (1)

where PV, is the electrical power output of
the PV module, and Qthe useful thermal energy
from the collector is.  The Hottel-Whillier
equation Hottel and Whillier equation defines Qu
as the difference between thermal heat losses and
the absorbed solar irradiance expressed as.

Qu = AFr(S — U (T — T,)) [38] (2)

Another technical performance indicator is the
Solar Fraction (SF). SF is the fraction of energy
demand met from the solar system to the total
demand expressed in (3). The SF value indicates
ratio of the energy saving of the PVT in meeting
the total energy demand of the building [39] [40],
as defined in (3).

_ load met by RE energy sources
- Total energy demand

Ntotal = Nel + N =

SF [41] (3)
Technical matrices that measure system reliability
indices are the Loss of Power Probability (LOLP).
The LOLP is the probability that the energy
system may not supply energy to meet demand at
any given length of time. It is expressed as in (4).

t( energy deficit )

LOLP =
f energy demand

(1]

[42] (4)

To assess the mitigation impact of the energy
system, the avoided carbon dioxide (ACO,)
emission displaced by the system is calculated
based on the type of fuel substituted from (6).
Therefore, the ACO; is calculated based using
diesel generator as the reference system.

ACO,

Avoidedo, Ratio = Prop [43] (5)
Cozref

ACO; = fuel displaced X Emission factor [43] (6)

Recommended emission factors of

0.439kgCO,/kWh for grid power and 2.6kg CO./L
for diesel generators in the case of Nigeria [43].

2.6. System economic assessment

The Net Present Value (NPV) of a project
measures the project's profitability at any time of
interest but is evaluated mainly at the end of the
project life. This indicator shows the worth of the
project based on the present value analysis
method [44]. In simple terms, it is the worth of the
project when all expenses have been deducted, as
expressed in (7).

NPV = CaSl‘linflow - caShoutflow

[45] (7)
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The Cash;,q,w IS the total revenue obtained from
the energy saved, while the Cashgytfow 1S €qual
to the system TLCC.

The general rule is to “Accept” if NPV >0,
“Reject” if NPV<0, and “Accept” if NPV = 0.

3. Results and Discussion

In this section, the findings of the study based on
the method formulated in Section 2 are presented.
The implications of the results are clearly
explained.

3.1. System response to energy management
and flow control strategies

The dynamic behavior of renewable energy
systems is the system's response to the weather
condition, energy management, and control
strategy. This response provides the means of
understanding the system characteristic under the
different conditions as a check to the
appropriateness of the system under the
formulated energy management strategies. Figure
6 is the dynamic performance of the system based
on an overcast sky (6" July to 7" July). As seen
from figure 6, in part labeled A, the grid is only
dispatched to meet just the load and charge the
battery as the Fractional State of Charge (FSOC)
of battery is seen to increase. Again, from the part
labeled B, the power from the PV is not sufficient
to meet electric demand and the battery is
discharged to supplement for the short fall as
indicated by the decline in the battery FSOC. A
simple evaluation of the figure shows that grid
power is only available for about 18 hours out of
48 hours. PV power and stored energy in the
battery cover about 67% of total electric demand,
and the battery is only discharged to a minimum
of about 25% of its full capacity for only one hour
even under extremely low average radiation as
low as 250W/m?. A relevant conclusion drawn
from this result is that even on a day with an
overcast sky level of radiation as low as 250W/m?,
with just 37.5% of grid power availability, the
proposed model and control strategy is capable of
meeting up to about 67% of the total electric load
even above the minimum acceptable solar fraction
of 30% as recommended by NREL for reasonable
economic performance with a fast payback period
[46], [47].

An annual assessment of the system solar fraction
performance shows that the OPVETC hybrid
system configuration meets more of the thermal
load (87%) than the electrical load (73%) as
shown in figure 7. An assessment of a similar
solar photovoltaic thermal (PVT) system design
by Hosouli et al. [48] to supply electrical and
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thermal demand of a dairy farm in Germany
revealed that the system meets only 9.7% and
51.9% of power and hot water demand
respectively. Comparing the result in this study
and the study of Hosouli et al. indicates that
energy management and flow control strategy is
critical in tailoring the performance of the system
to the target objective. This finding is expected
because most PVT collectors can only convert 9-
21% of the solar energy incident on them to
electrical power, with the remainder transformed
to heat. As a result, using the same collector to
supply both thermal and electrical loads yield a
larger thermal solar fraction than an electrical
solar fraction. Overall, the system has a solar
percentage of 80%, indicating that the sun's
energy is used to meet approximately 80% of the
entire building demand (such as thermal and
electrical). The implication of an 80% solar
component is large environmental benefit of
reducing emissions that increase system economic
viability indicating the applicability of the
established energy management to priotize
renewable energy sources in the hybrid system.

Power {kJ/hr)
(20s4) afireyo
10 9JeJS |eUOIRI

0 a 8 12 16 20 24 28 32 36 40 a4 as

Time (Hours)

Figure 6. Dynamic performance of the system on an
overcast day.

90 4

501 ____
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70 4
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Figure 7. Annual solar fraction performance.

3.2. System
impact

The Loss of Load Probability (LOLP) is a suitable
performance matrix to assess the system's

reliability and environmental

reliability. Table 2 is the monthly and annual
evaluation of the loss of load probability for the
OPVETC hybrid system architecture. It is seen
from table 2 that in months with a high level of
solar energy, the monthly average system
reliability is higher than system reliability in
months with a low level of solar energy. Overall,
the OPVETC system architecture has an annual
LOLP of 5.4%. An annual LOLP of 5.4% means
that the system requires backup energy for 477
hours in a year (8760 hours) to be completely
reliable. Consequently, for a diesel generator set
used as a backup, as in this study, the generator-
set is only operated for 477 hours per year with
significant of reducing the operating cost and
good environmental impact. Lower diesel
operation and maintenance costs are financial
benefits of the proposed configuration and energy
management since its operated for just 477 hours
(only 5% of the whole time in a year) and
consumes a lower quantity of fuel and takes a
long time before maintenance operation is carried
out on the backup system with good savings in the
energy cost of over 80%. This benefit can
improve the profitability and sustainability of the
hybrid energy system. Similarly, an Artificial
Ecosystem-based Optimization (AEO) algorithm
for the optimal sizing of a hybrid renewable
energy conducted by [49] to satisfy the power
need of consumers while maintaining reliability
constraints shows savings in the cost of energy
by about 40%.

Table 2. LOLP of the grid connected OPVETC system.

Electric power Unmet electric

Month demand power demand LOLP
(kWh/month) (KWh/month) (%)

Jan 1364 5 0
Feb 1274 31 2
Mar 1546 39 3
Apr 1509 10 1
May 1584 176 11
Jun 1498 174 12
Jul 1492 94 6
Aug 1504 177 12
Sep 1437 139 10
Oct 1507 127 8
Nov 1381 0 0
Dec 1365 0 0

Annual 1455 80.9 5.4

Average
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The avoidable carbon dioxide ratio (ACO; Ratio)
is a measure of the mitigative contribution of the
renewable energy system to reducing the amount
of CO. in the energy mix as a pathway for
renewable  energy  technologies in  the
decarburization effort as required by the Paris
Agreement (PA). Table 3 shows the avoided CO,
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emission evaluated using diesel fuel emission
factor.

Table 3. Systems COzemission and the computed

ACO: Ratio.
System configuration ACO; (kglyr) ACO;_ratio (%)
OPVETC 59137 78.8

As seen in table 3, the OPVETC hybrid energy
system has an avoided CO2/yr of 59,139kg/yr with
an avoidable CO; ratio of about 78.8%. The
roadmap to limit global warming to +1.5 °C
requires that global emissions be cut down by
about 7.6%/yr between 2020 and 2030 [50].
Therefore, the evaluated ACO, ratio of 78.8%/yr
indicates that the proposed hybrid OPVETC
operated based on the developed unreliable grid
energy management to meet health center energy
demand is an excellent option to cut the emission
from the building sector. Again, since building
energy consumption represents about 49% of
Nigeria’s total energy demand [51], the adoption
of this technology in residential buildings could
be a potential area for the country to target to keep
to its CO; reduction target and make an effort to
increase access to power in rural communities.

3.3. Model validation based on response to
control logic

The formulated system model is validated and
verified based on the expected dynamic
performance of the entire system coordinated and
controlled using the developed energy and flow
control strategy. A careful observation of figure 8
shows that the dynamic behavior of the system
meets all the mentioned requirements as
formulated in the developed energy management
and control strategy. From figure 8, the green line
shows the power used to charge the battery
storage. The battery is discharged only in periods
when the grid and PV power are not available, as
evident by the downward decrease of the battery
fractional state of charge (FSOC) as shown in the
graph. The power to the battery (green line) shows
an exponential decrease when it is charged by the
grid power. This behavior is in fulfilment of
charging with only 10% of the battery capacity to
ensure a longer period of discharge.

Further examination shows that the battery is only
set to discharge to a maximum of 80% of its
capacity in prolonged grid outages corresponding
to a period with poor PV power generation due to
cloudy and overcast sky conditions as expected as
seen in figure 9. Remarkably, it is clear from point
‘A’ that the moment the power generated from the
PV is more than the load, the excess is used to
charge the battery if the FSOC of the battery is

less than 100%. This inspection is another
technique that helps to fine-tune the developed
energy model until the desired condition is met
based on the reliability and economic objectives.
Overall, the dispatch control strategy is
successfully  implemented.  Therefore, the
developed model for the simulation of the actual
system, to a reasonable extent, mimics the
expected behavior and control strategy.

Electric load

PV power

Power to battery o Grid availabitity
Unmet load period
Fsoc

Grid power

25000
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15000
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Figure 8. System behavior on typical days with grid
availability and grid outage.
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Figure 9. Dynamic behavior of the system on days with no
grid power.

3.4. Energy balance analysis

For energy system modelling with the target of
meeting a specific load, the model requirement is
that the energy supply across all system
boundaries should be balanced (not significantly
in excess of the target load). Table 4 is the
monthly and annual summary of the energy
balance error obtained from the energy balance
subroutine (Type 28) based on the electrical
energy flows across the system boundary. From
table 5, the difference between all electrical gains
and losses across the system boundary is 1.28%.
Comparing the model error of 1.28% for model
power prediction based on the energy balance
analysis and the model error of 1.48% of a study
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conducted by [49] using the mean percentage
error analysis, the model in this study has lower
error. However, the two studies show error below
the 2% tolerance benchmark implying that the
model in this study is appropriately set up with
not much excess electrical energy introduced into
the system.

Similarly, table 5 shows an energy balance error
of 1.49%, implying that the components are not
oversized that leads to unnecessary increase in
system cost but appropriately sized to meet the
thermal load with not much excess thermal energy
introduced into the system. On the other hand, it
equally implies that the energy sources are not
undersized to lead to system unreliability.

Table 4. Analysis of the formulated model power energy balance.

Gains (kWh/month) Losses (kWh/month)
Months Diesel PVT Grid Power to Electrical Battery power to Dumped Energy balance

power power power battery Load load energy (%)

Jan 4.6 1363.6 194.1 2821 1364.2 227.1 115.7 1.54
Feb 311 1128.9 2276 2849 1273.9 270.0 76.2 1.38
Mar 38.9 1263.4 3241 3494 1546.5 347.2 52.4 1.29
Apr 10.1 1392.5 270.3 349.5 1508.7 296.6 83.5 1.43
May 176.3 1116.5 303.5 303.2 1584.2 3145 0.9 1.18
Jun 1735 975.9 392.1 330.8 1497.6 307.7 1.2 1.07
Jul 94.0 952.0 499.8 360.0 1492.3 355.9 30.0 1.02
Aug 1771 922.9 446.5 335.1 1504.3 331.2 19.7 1.00
Sep 138.6 1078.3 333.0 348.0 1437.0 309.5 52.6 1.18
Oct 126.6 1169.5 318.8 3144 1507.0 2933 63.3 1.24
Nov 0.0 1457.3 130.5 311.2 1380.5 292.4 159.3 1.56
Dec 0.0 13455 204.7 2914 1365.4 263.7 130.2 1.50
Sum 970.8 14166.1 3645.1 3860.0 17461.6 3609.0 784.8 1.28

Table 5. Analysis of the formulated model thermal energy balance.
Gains (kwWh/month) Losses (kWh/month)

Months Collector thermal gain Auxiliary heat Thermal load | Tank loss | Pipeloss | Internal energy | Energy balance (%)
Jan 4645.35 63.74 4518.01 103.50 1.36 0.0081 1.85
Feb 3895.36 73.41 3817.31 92.32 1.26 0.0000 147
Mar 4487.57 87.56 4367.05 105.34 1.48 0.0008 2.24
Apr 4979.88 39.14 4759.34 113.47 1.49 0.0012 2.93
May 3597.17 121.45 3600.80 96.57 1.52 0.0009 0.53
Jun 2934.76 198.90 3035.48 83.07 1.44 0.0000 0.44
Jul 2691.36 253.32 2867.83 80.71 1.45 0.0005 0.18
Aug 2591.38 292.06 2809.87 76.73 1.42 0.0005 0.16
Sep 3359.81 193.29 3415.67 89.21 141 0.0005 1.33
Oct 3836.80 118.84 3827.20 95.49 1.48 0.0004 0.80
Nov 5119.98 32.98 4903.79 105.54 141 0.0005 2.80
Dec 4579.71 55.31 4450.56 103.80 1.37 0.0016 1.73

Summary 46719.12 1530.01 46372.92 1145.76 17.09 0.0056 1.49

3.5. System net present value (NPV)

The cumulative cash flow diagram is another way
of examining the worth of the project at a specific
period for the entire duration of the project
lifetime. Figure 10 is the cumulative cash flow of
the OPVETC system architecture during the 25
years lifetime of the project evaluated based on
the economic indices shown in table 6 and table 7.
As observed from Figure 10, the net present worth
(NPV) is negative in the early part of the project
lifetime before the payback period of 6.9 years.
This implies that for investment in this energy
system, the project profitability starts only after a
minimum of 7 years. This indicates a lower risk
compared to similar studies in Anthem with 15.6
years payback period, and 11.6 years payback
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period in Zaragoza [52]. Notably, the NPV of the
system declines relative to the previous year NPV
any time the components are replaced as indicated
in year 10, 15, and 20 on the cashflow diagram.
Interestingly, the NPV is still positive even after
the years the system components are replaced.
This observation can be explained by the fact that
the energy saving from the system is huge enough
to offset the replacement cost. The result implies
significant economic benefit as seen from the
NPV of $36,985 at the end of the project lifetime
making the business outlook and investment in
this technology for domestic application an
attractive venture.
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Figure 10. OPVETC cumulative cash flow during project
lifetime.

Table 6. System components and the current market
prices of system components.

Qty

Unit cost

SN Parameter (USD) Reference
PVT collectors
1 (1.63 m? 33 480 [53]
ETC
2 (1.63 m?) 2 295
Hot water tank
3 0.3 m?) 2 380 [54]
4 Controller 2 210 [54]
Battery
5 (75 Amp, 24 volts) 15 380
R Inverters
6 (8 kw) 1 960 [24]
7 Gen set 20 kW 1 1580 [54]

Table 7. Parameters for system economic assessment.

SN Economic index Value Unit References
1 Inflation rate 14 % [55]
2 | Annual discount rate 6 % [55]
3 Degradation factor 0.5 % [54]
4 Cost of diesel fuel 0.48 $/L [56]
5 Cost of grid power 0.10 $/KWh [54]
6 Battery lifetime 5 years [53]
7 Inverter lifetime 10 years [53]
8 Diesel gen lifetime 15000 hours [53]
4. Conclusion
The TRNSYS 18 software was used to

successfully create and evaluate a numerical
model based on a novel open loop photo-voltaic
evacuated tube collector coupled to grid power
and characterized by random power loss. The
system has good applications even in areas with
poor solar resources, as shown by the results,
which show that even on days with overcast skies
and radiation levels as low as 250W/m? and only
37.5% of grid power availability, the proposed
model has solar fraction of about 67% of the total
electric load, which is higher than the minimum
acceptable solar fraction of 30% as recommended
by NREL for reasonable economic performance

with solar energy. The system's economic
assessment further indicated a large economic
profit of $36,985 as the net present value at the
end of the project's lifetime, indicating that
investing in this technology for domestic use is a
profitable venture. Overall, the OPVETC system
architecture operated based on the random grid
power failure energy management has an annual
Loss of Load Probability (LOLP) of 5.4%. As a
result of low LOLP, the proposed system and
energy management has improved profitability
with significant environmental impact as the
OPVETC hybrid energy system has an avoidable
CO; ratio of about 78.8%. In order to keep global
warming to +1.5°C, global emissions must be
reduced by 7.6%/year between 2020 and 2030.
Therefore, the proposed hybrid OPVETC operated
based on the created unreliable grid energy
management to fulfill health center energy
demand is a great choice to reduce emissions from
the building sector, as shown by the evaluated
avoidable CO2 ratio of 78.8%l/yr. Additionally,
the payback duration of 6.9 years suggests a lower
risk compared to comparable studies in Anthem
with a payback period of 15.6 years and in
Zaragoza with a payback period of 11.6 years.

5. Nomenclature

Abbreviations

ACO; Avoided Carbon Dioxide

BSOC Battery State of Charge

DOD Depth of discharge

EMS Energy management Strategy

ETC Evacuated Tube Collector

FEL Follow-Electric-Load

FSOC Fractional State of Charge

GA Genetic Algorithm

GSHP Ground Source Heat Pump

IFC International Finance and Cooperation

NREL National Renewable Energy Laboratory

NPV Net Present Value

OPVETC Open Loop Photovoltaic Evacuated
Tube Collector

PV Photovoltaic

PVT Photovoltaic-Thermal

SCR Self-consumption Ratio

SSR Self-sufficient Ratio

SF Solar fraction

SOC State of Charge

TRNSYS Transient System

Symbols

Nel Electrical efficiency

Neotal Total efficiency

Nen Thermal efficiency

Ac Cross-sectional area

Fy Heat removal factor
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Ir Radiation on tilted surfaces

LOLP Loss of load probability

PVpower Photovoltaic power

Qu Useful energy

S Absorbed solar energy

T; Collector water inlet temperature
T, Ambient temperature

TLCC Total Life Cycle Cost

U, Collector heat lost coefficient
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