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Abstract

Electricity is considered a fundamental service which is highly correlated with sustainable development. Nigeria will
serve as a case study that has been experiencing an energy deficit, and severely needs a strong adoption of
alternative energy sources.

This paper provides a detailed assessment of a grid-connected photovoltaic/wind/biogas hybrid energy system in
the northern part of Nigeria using a combined Hybrid Optimization Model for Electric Renewables (HOMER),
Microsoft Excel, and Ganzleitliche Bilanz (GaBi) tools. They are based on techno-economic modeling and
optimization as well as comparison with the same configuration in its off-grid form. Sensitivity analysis as well as an
energy efficiency assessment of the proposed grid-connected system was carried out, followed by a supplementary
economic benefit assessment of a system switch over and an evaluation of the impacts of life cycle emissions. A
wrap-up reliability assessment based on the utility grid status quo and policy implications was also carried out.

The results of the analysis for the grid-connected system showed a 3% increase in the overall energy supply, and a
68% and 85% decrease in net present costs (NPC) and levelized costs of energy (LCOE), respectively, with avoided
emissions as compared to its comparable off-grid configuration. Moreover, the energy efficiency (EE) determined for
the proposed grid-connected system resulted in a massive reduction in the component sizing, energy supply, and
an ultimate 88% and 81% reduction in overall NPC and LCOE, respectively. The sensitivity analysis as well as the
other supplementary evaluations indicated clear impacts on the different performance measures.
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This approach is worthy of adoption coupled with expansions for an effective solution to the energy deficit and its
sustainability in the case study country. This could be successfully provided if all the reliability concerns for the

utility grid and policy measures are addressed significantly.

Keywords: Hybrid energy system, grid integration, energy management, sensitivity analysis, energy efficiency assessment

Highlights

e Hybrid renewable systems deserve strong
consideration for grid integration on a sustainability
basis.

e Energy supply increased by 3% from the standalone
to the proposed grid-connected system.

e An energy efficiency measure for the grid-connected
system led to an 81% reduction in the LCOE.

e Sensitivity and other supplementary analysis showed
impacts on system performance.

e Surmounting utility grid challenges and strong
policy interventions are necessary.

Background

Numerous research studies conducted in the field of
energy have shown the depleting nature of conventional
energy sources, especially fossil fuels, coupled with
direct consequences of global warming. This necessi-
tates searching for alternatives in energy solutions.
These alternative energy sources are in other words
termed renewable energy sources such as solar, wind,
hydro, biomass, and geothermal energy. However, the
combination of two or more of these sources is some-
times necessary for giving rise to a hybrid energy
system. Hence, by definition, a hybrid energy system is
the combination of two or more energy conversion
devices aimed at overcoming limitations associated with
either or all [1]. The major limitation of renewable
systems and their sources has been intermittent
availability, as some resources are available in stock
while some fluctuate. The hybrid system has some
advantages due to an incorporation of renewable
sources as described in the literature. These are fuel
flexibility due to different adjustments that could be
provided in combination to ensure optimum operation
and efficiency of systems as well as reliability, and
viability in terms of economics, energy security, im-
proved power quality, reduced carbon emission, fossil
fuels saving, and employment opportunity [1, 2].

In addition, a power generating system could be either
decentralized (distributed) or centralized. The former in-
volves having different sets of power generating systems
for different load demands, and is the intended target

for this research paper. However, the latter involves se-
curing a single power plant to one or many load centers
without the need for distribution in the system execu-
tion [3]. Centralized power generation could be relatively
more challenging than the decentralized type due to its
high costs of execution and more losses of operation.
This is because the power has to be transported either
on a national/regional utility grid or a mini/isolated grid
depending on the network category.

Likewise, still on the basis of a network, the power
system may be single component-based or hybrid-based
and could be conventionally designed in two ways, viz.
grid-connected and off-grid or standalone. The grid-
connected hybrid system works in such a way that the
power generated will be integrated in a grid network on
either the transmission, sub-transmission, or distribution
site of the network, and the load gets its power from the
grid or from the system directly where excesses are
forwarded to the grid and deficits require grid power
sourcing. The major advantage of the grid-connected
system is the fact that flexibility exists in such a way that
a loss or shutdown of the system does not necessarily
result in a loss of power for the load, since such losses
or outages could be compensated by other alternatives
in the utility grid [4]. Likewise, excess generation—when
compared to electricity consumed from the grid—results
in credits in line with the renewable power policy instru-
ments and is based on countries’ regulations. In contrast,
off-grid-based systems are usually deployed in remote
areas, i.e., areas that are far away from the existing grid
where the grid extension to those locations is technically
or economically impossible or challenging [4]. It has less
impact as compared to a grid-connected system due to
the flexibility and credits securing advantages, which are
not particular to it.

Based on the above information, the design approach
generally performed for any hybrid power system is
stage-wise, and usually begins with an energy demand
assessment, resource assessment, assessment of the
barriers/constraints in terms of costs, the environmental
influences, etc., and finally it has to fulfill the demands
of an energy system coupled with optimization and so
on. This can be addressed using different software pack-
ages, such as a Hybrid Optimization Model for Electric
Renewables (HOMER), a Matrix Laboratory (MatLab/
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Simulink), a System Advisor Model (SAM), a Transient
System (TRNSYS), or a Ganzleitlichen Bilanz (GaBi)
tool. They ease the modeling, optimization and control,
economic analysis, life cycle assessments, and so on.
Adopting two or more of these software packages be-
comes necessary depending on the research questions to
be addressed in a power system design, as limitations
may arise in handling only one.

Many studies regarding a grid-connected power
system have been carried out both on the African con-
tinent and beyond. Some could be used to underline the
novelty of this research paper. Pan and Dinter [5] have
demonstrated the capability of a concentrating solar
power (CSP) and PV hybrid system of 100 MW name-
plate capacity by addressing the need of a 100-MW base
load capacity for the grid in South Africa. This analysis
was performed using SAM for simulating different de-
sign configurations both individually and in combined
form based upon different storage sizes for observing the
energy yield, capacity factor, and economic viability.
Gbalimene et al. [6] have studied the techno-economic
analysis for grid integration of hybrid-based renewable
energy technologies in order to satisfy the load distribu-
tion of a particular building with a peak load of about
305kW in Abuja, Nigeria. The components considered
were PV/wind without battery storage which was ana-
lyzed using HOMER. Simulation and optimization have
been carried out, and different feasible configurations
have been obtained. In addition, Numbi and Malinga [7]
have proposed an economic analysis of a 3 kW residen-
tial single-phase grid interactive solar PV system in
eThekwini municipality of South Africa. The approach
used was the optimal control model, which is a powerful
tool for solving several energy management problems. In
the simulation results, variations were done for the feed-
in tariff (FiT) for observing the impact on energy cost
savings and the payback period. An optimal grid-
connected hybrid PV/wind with battery storage system
sizing was performed by Nadjemi et al. [8], considering
two load distributions, i.e., a residential and a dairy farm
all located in Ghardaia, Algeria. The analysis has been
done using a cuckoo search algorithm and has been
compared with the particle-swarm sizing optimization
(PSO) technique, revealing a better accuracy and less
computational time compared to the PSO technique.
Boussetta et al. [9] have conducted a grid-connected
optimal sizing of a hybrid system for 2 load profiles (one
with a 379 kWh/day average energy consumption and
the other with 113 kWh/day) for an agricultural farm
located in Morocco. In the analysis, the authors used the
HOMER tool and the components considered were PV,
wind, diesel generator, and battery. Madhlopa et al. [10]
have studied the optimization of a PV/wind hybrid
system under limited water resource conditions using
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meteorological data of Stellenbosch, South Africa. The
plant was designed to generate 100,000 MWh/year of
energy for the grid, where the model employed was
based on the water constrains of a program developed in
MatLab for the economic optimization of the proposed
system.

Moreover, Silinga et al. [11] conducted a study with
regard to the implication of a proposed hybrid CSP
peaking system (i.e., a capacity beyond the base load for
the grid system) with a capacity of 3.3 MW in South
Africa. This was done through re-optimization and com-
parison between the fixed tariff and 2-tier tariff system,
using the spatial-temporal analysis approach. Kazem and
Khatib [12] have studied the techno-economic assess-
ment of a grid-integrated photovoltaic system in Sohar,
Oman. The authors have applied the MatLab tool and
analyzed many parameters, such as annual yield factor,
capacity factor, and costs of energy generation. Likewise,
the system has been found to be very promising for the
site. Optimal sizing of a hybrid grid-connected PV/wind/
biomass power system has been carried out by Gonzalez
et al. [13] for the case of Central Catalonia, Spain. The
life cycle cost optimization approach followed in the
research has used the optimization toolbox of MatLab,
coupled with a sensitivity analysis of some system cost
variables and component efficiencies. The optimized
configuration was concluded to be of benefit in terms of
energy autonomy and environmental quality improve-
ment. Salahi et al. [14] have completed a study regarding
the design of a grid-connected hybrid system for the
case of Bishesh Village, Iran, based on a peak load of
146 kW. HOMER used different configurations and sim-
ulated them using PV, wind, and battery as well as diesel
gensets and battery with both the grid connection and
comparable off-grid for observing the benefits associ-
ated. Dali et al. [15] conducted an experimental study
in testing and managing the performance of a hybrid
PV/wind system. The authors have used physical emu-
lators, battery storage, local load, dSpace controller,
and a grid-tie inverter that is also capable of operating
in standalone mode. The system has proved to be able
to demonstrate operational capability and effectiveness
at both a grid-connection mode and an autonomous
mode. Lastly, Nurunnabi and Roy [16] have carried out
a study on grid-connected PV/wind with battery
storage in Bangladesh for an analyzed peak load of
101.32 kW. The authors have applied the HOMER tool
and compared the grid-connected configuration with
its off-grid form and the benefits of such proposition
were realized in terms of the system’s economics.

Based on the existing work in the research area with
some of them discussed in the preceding paragraph,
the purpose of this paper is to indicate the techno-
economic and emission impacts of integrating a
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photovoltaics/wind/biogas hybrid system to the grid
for the site of Zaria in northern Nigeria. It is further
mentioned that the novelty of this research work has
been seen in aspects with regard to the demand side
energy efficiency assessment, the economic benefits
assessment of the energy transitioning adopted with
Microsoft Excel, including the GaBi tool life cycle
emissions analysis of the systems’ transitioning, as well
as the reliability arguments brought forth with respect
to the utility grid case and the policy implications as a
qualitative measure in the case study country. How-
ever, the basis behind choosing the solar PV, wind
power, and the biomass-biogas power system compo-
nents are found firstly in the solar and wind resource
potentials of the country being more concentrated in
the northern part where the study was conducted, and
secondly found in the general availability of wastes that
could be turned into useful energy with the aim of en-
suring waste minimization for environmental saving.
Likewise, the need to integrate renewable energy into
the energy system operation and to diversify the energy
sources with the ultimate goal of improving energy
supply and quality of lives in the case study country is
of great concern. Table 1 below presents a clear com-
parison of the reviewed grid-connected studies with
the study of this paper for a clear visibility of the con-
tribution and novelty in ascertaining the gap filled in
line of the research domain.

Following the introduction, the paper has been structured
in different sections, namely the study site description and
energy resource assessment, the site’s load demand evalu-
ation, the different components of the power system
models with wrap-up economic models applied, the
adopted research methods, the detailed and explicit results
and the discussion in line with the methods specified, and
lastly the conclusion section.

Selected site description and energy resource assessment
Firstly, Nigerian’s electricity situation has really been crit-
ical based on the electricity consumption analyzed as
129.04 kWh/Cap./year during 2016 [17, 18]. This is
equivalent to a consumption of 0.35 kWh/Cap./day and
being tagged with a low electrification rate. This has been
the major motivation towards the choice of the country as
a joint intervention using the endowed renewable energy
resources. However, in a more specific case of the study,
the selected site is Zaria (coordinates 11.085° N, 7.72° E),
which is a local government and major city in Kaduna
State of northern Nigeria. This has been further driven by
the fact that despite the whole country suffering with a
high energy deficit, some regions tend to be in a more
critical situation than others. From experience, this se-
lected site is faced with frequent power cuts and most
households rely on gasoline or diesel generator sets to
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address their power shortages. The negative impacts of
the generator sets are numerous, e.g., air and noise pollu-
tion resulting in health hazards and environmental deg-
radation due to oil spillage on land and water and
excessive greenhouse gas emissions.

The site of a further description is situated on a plat-
eau at an elevation of 670 m above sea level [19] and has
a total area of 563 km? and a population of about 975,
200 in 2015 [20]. Furthermore, Zaria’s climate is tropical
wet and dry caused by movement of inter-tropical dis-
continuity under two air mass influences, i.e., tropically
continental and tropically maritime [21]. The wet season
(summer) lasts from April to October, whereas the dry
season (winter) lasts from November to March. Figure 1
gives the country and study site description on a map.

Renewable resource information about the site is
crucial for the system analysis. Solar irradiance with the
accompanied temperature and wind speed are the funda-
mental climate data considered. They are presented in
Figs. 2 and 3:

Furthermore, after switching to a biomass resource as
very substantial to the power system, the breakdown of
the different kinds of feedstock production for the coun-
try as well as the analyzed average production for the
site is provided in Table 2.

Density of clean biogas at standard temperature and
pressure (stp) ranges from 1.1 to 1.5kg/m> [29], where
1.2kg/m® was applied in the additional evaluations of
the Table 2 in view of the modeling data for biomass

Load demand evaluations for the site

The aim of the hybrid power system design is to address
the energy situation of the specified site by supplying
grid-connected decentralized power to the population
based upon given numbers of households with a load
demand specification. Within the limit of this design,
about 200 households were considered in the site with
an average of six persons per household for the power
system sizing. This is equivalent to supplying energy to
1200 persons in the site. The breakdown of the load
demand is based on the list of appliances utilized at the
household level on a daily basis and time of use. The ap-
pliances specified are a reflection of a careful monitoring
of the site regarding life style. It is also noted that house-
holds’ energy consumption and the likes are seasonally
dependent as consumption in summer (wet season)
differs from that of winter (dry season). Hence, a more
realistic design approach requires taking that into
account. Therefore, the load demand is specified for
both the summer and winter for the sizing of the energy
system components. Table 3 gives the details of the load
calculation and Fig. 4 summarizes the load profile for
the site based on the analyzed two seasons. Further
random variability has also been considered as a safety
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Table 1 Comparison of the grid-connected renewable energy system studies reviewed in this paper

Author(s)

Study location

Published year

Main content (research approach/tools and observations)

Pan and Dinter [5]

Gbalimene et al. [6]

Numbi and Malinga [7]

Nadjemi et al. [8]

Boussetta et al. [9]

Madhlopa et al. [10]

Silinga et al. [11]

Kazem and Khatib [12]

Gonzalez et al. [13]

Salahi et al. [14]

Dali et al. [15]

Nurunnabi and
Roy [16]

The study in this
paper
Authors

Jumare et al.

South Africa

Abuja, Nigeria

eThekwini,
South Africa

Ghardaia, Algeria

Morocco

Stellenbosch,
South Africa

South Africa

Sohar, Oman

Central Catalonia,
Spain

Bishesh Village, Iran

N/A

Bangladesh

Study location

Zaria, Nigeria

2017

2016

2017

2016

2016

2015

2014

2013

2015

2016

2010

2015

Published year
N/A

CSP and PV capability demonstration with the aid of a System Advisor Model (SAM).
Different configurations with different storage sizes were modeled and the
performances were monitored. Combined PV/CSP was seen to be more appropriate
and can substitute the conventional coal-fired power plant with many benefits
associated.

Techno-economic evaluations of PV/wind hybrid systems using the HOMER tool.
Grid-only power has been observed to be more economical as the hybrid system
with the highest renewable fraction considered more appropriate owing to the
advantages it offers.

Economic analysis of PV system integration for the grid using an optimal control
model. Strong policies were linked with sensitivity evaluations regarding the Feed-in
Tariff. The authors have observed that the higher the grid energy cost savings, the
lower the system payback period and also the lower the need for battery bank
storage will be (when neglecting the effect of a grid failure).

Optimal sizing of a grid-connected hybrid PV/wind/battery system using a cuckoo
search algorithm (CSA). Comparison has been done with the particle-swarm sizing
optimization (PSO) technique. The authors observed a better accuracy and less
computational time for the case of the CSA.

Grid-connected optimal sizing of a hybrid PV/wind/diesel system with battery
storage coupled with sensitivity analysis using the HOMER tool. A particular hybrid
configuration in the optimization was considered as more feasible.

Optimization of grid-connected PV/wind system under limited water resource
conditions using a MatlLab program with adequate sensitivity measures
(water-energy nexus concern). The authors have observed that the PV technology
requires more water than wind technology in the system execution.

Spatial-temporal analysis (STA) applied for the implication of the proposed hybrid
CSP peaking system. Optimization and comparison between fixed tariff and 2-tier
tariff system was performed. The authors observed the CSP peaking system to be
feasible using the 2-tier system based on a part load operation with storage
(policy-linkage concern).

Techno-economic assessment of a grid-integrated photovoltaic system using MatLab.
Different technical and economic parameters have been analyzed and the system
has proved to be promising at the site.

Optimal sizing of a hybrid grid-connected PV/wind/biomass power system. A life
cycle costing optimization approach using MatLab was employed with adequate
techno-economic sensitivity. The optimized configuration has been concluded to be
of tremendous benefits regarding economic and environmental concerns.

Optimal design of a grid-connected system using PV/wind/battery and a diesel/
battery system with comparison to off-grid configurations using the HOMER tool. The
benefits of the transition have been clearly observed.

Experimental study regarding managing the hybrid PV/wind system with the aid of
emulators, space controller, complex inverter using a double operation mode, and
so on. Operational capability and effectiveness have been confirmed for both the
grid-connected mode and the standalone mode.

A grid-connected hybrid PV/wind/battery system design with the aid of a HOMER
tool has been used. Comparative analysis has been done with same configuration as
in the off-grid system. The overall benefits have been observed in terms of
economics and so on.

Main content (research approach and tools applied)

Detailed system modeling, optimization, and demand side energy efficiency
assessment has been carried out. An assessment of the economic benefits of energy
system transitioning, including the impact of life cycle emissions on energy
transitioning, as well as reliability arguments have brought forth with respect to the
utility grid case and the overall policy implications. The tools employed have been
the HOMER, Microsoft Excel, and GaBi.




Jumare et al. Energy, Sustainability and Society (2020) 10:30

Page 6 of 25

3°0'|0"E 6"0'10"E 9°0:O"E 12°Q'0"E
b Nigeria
5| N ’
o-
©

1 200l|0"N

L

Map of Study Site

Z
o
o
o
©
Z Z
o Lo
e o
© (e}
Z Z
o | Lo
e e
< <
0 5 10 29 >
| —— 1 KM =}
e
T T T T N
3°0'0"E 6°0'0"E 9°0'0"E 12°0'0"E
Fig. 1 Map of Nigeria showing the study site [22]
5 29
= O
= A
§ 5 27 g
S 26 =
g ¢ g
g 25 15
B 3 &
S 24
= 5
. 23 ;ﬂ
a 1 n =
S S
g 0 21 <
= SIS S S » & ¢ ¥ &
< & ép&‘b @é W NS S & & S @Oc&

mmmm Average Air Temperature (deg.C)

R S

==@== Average Solar Radiation (kWh/m2/d)

Fig. 2 Average monthly solar irradiation and air temperature for the site [23]

.




(2020) 10:30 Page 7 of 25

Jumare et al. Energy, Sustainability and Society

Wind Speed (m/s)
w

D S @ 3 &
< Q 3 & QS

Fig. 3 Average monthly wind speed for the site at 50 m [23]

On neglecting the effect of temperature, the power
model becomes less complicated as follows:

o) )

Grsrc

factor for a more realistic design as presented in Table 4
which depicts how the summary of the analyzed load
specification has been scaled.

. P pv = YPV pv<
The Power system component models and economic
parameters
Solar PV system models
Models for solar PV systems are quite numerous. A report
of the solar PV power output models based on different
input parameters has been obtained from Adaramola
et al. and Adaramola et al. [30, 31] as follows:

With regard to the energy generation bit of the PV
system, Kusakana and Vermark [32] have reported on
a model for predicting such, based on multiple pa-
rameters in line with the preceded PV power deter-
mination as follows:

Epy =A X1, X Py X ppe x I (3)

Gt

Py = pvfpv< ) [1+a,(Tc-Tesrc)] (1)

where Epy = total electrical energy output, A = total
area of the photovoltaic generator (m?), #m = module ef-
ficiency (%), #pc = power conditioning efficiency (%), I =
hourly irradiance (kWh/m?), P = parking factor.

Gr.src

where P,, = solar PV output power (kW), Y, = rated
capacity of the PV array, i.e., its power output under
STC (kW), f,» = PV derating factor (%), G = solar radi-

ation incident on PV array (kW/m?), G, sTc = incident
solar radiation under standard test conditions (1 kW/
m?), a, = temperature coefficient of power (%/°C), T¢ =
PV cell temperature (°C), and T¢, src = PV cell

Wind turbine system models

Many mathematical models also exist in predicting
the performance of a wind turbine system. Accord-
ing to Madhlopa et al. and Taher et al. [10, 33], the

temperature @ standard test condition (25 °C). models are based on different conditions for

Table 2 Animal waste production: the country and the analyzed site values in 2014 [24-28]

[tem National production  Site production Dry matter National dry Site's dry matter Carbon Biogas potential
(million heads) on average production matter production  production on contenton  (m*/kg and kg/kg
(thousand heads)  (kg/head/day)  (kg/year) average (kg/year)  average of dry matter)
Cattle 19.54 2297 2.860 2.04x 10'° 240x 107 22.5% 0.20 and 0.24
Goat 7247 85.16 0552 146x 10" 1.72x 107 29.5% 025 and 0.30
Pig 7.07 830 0661 171x 107 2.00x 10° 40.7% 0.56 and 0.67
Sheep 4133 48.56 0.329 4.96% 10° 583% 10° 31.4% 0.25 and 0.30
Chicken 144.95 170.33 0.043 2.28% 10° 267% 10° 32.6% 0.28 and 0.34
Horse 0.11 0.13 33 1.30%x 10° 154% 10° 41.5% 030 and 036
Total 28546 33545 N/A 204x 10'° 522x 107 N/A N/A
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Fig. 4 Baseline load profile for the site during summer and winter

estimating the power output of a typical wind tur-
bine are as follows:

aV®-bP,, Va< V<V,
Pyr = Py Vp<V<Vg (4)
0 V>V,
Ve
such that a = v?tp-” % and b = v -UVZ

where Py = wind turbine output power, P,= rated
power of the wind turbine, V,, = rated wind speed, V,; =
cut-in wind speed, V,, = cut-out wind speed

Also,

PWT = 1 pAV3Cp (5)
2

where p = density of air = 1.225kg/m>, A = wind
turbine area = mr*(m?), where r = rotor radius (m), V
= wind velocity (m/s), C, = coefficient of power =
Max. value is 0.59

Table 4 Supplementary load demand specifications for scaling

Finally, a model for predicting the energy output of a
wind turbine has been reported by Kusakana and Ver-
mark [32] in terms of almost similar parameters to that
of the power output. It is therefore presented below:

Ewr =1/2%px V> X Cpy X Ny
X t (6)

where Ey - = energy output of the wind turbine, C,,, =
wind turbine performance coefficient, 7y = combined
efficiency of wind turbine (%), ¢ = time.

Biomass genset system models

The mathematical models for predicting the performance
of the fuel ignition genset are also available. According to
Adaramola et al. and Adaramola et al. [30, 31], some
models for predicting the fuel consumption, total life, and
efficiency of the genset system have been obtained and are
presented below:

Random variability assumption: day to day = 15%, time step to time step = 20%

Parameter Baseline data Scaled
(before random data
variability)

Average energy demand (kWh/day) 18,529 18,529

Average power demand (kW) 772 772

Peak power demand (kW) 2329 4059

Load factor 033 0.19
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F. = aPrueq + bpgen
(7)

where F, = fuel consumption (L/h), P, = rated power
capacity of the generator (kW), P, = generator power
output (kW), a = generator’s fuel curve intercept coeffi-
cient (L/h/kW 4eq), and b = generator’s fuel curve slope

(LMW gepu)-
Also,
anm’ng — time
Ry = ~2ing _ time 8
« dear ( )

where R, = generators operational life (year), Qyuing
_ time = total running hours for the generator (h), Qyeqr =
actual annual operating hours (h/year)

_ 3.6Pg,
r:nfuel LH Vfuel

n gen

’ F
such that mge = pp, (ﬁ)

where 74, = generator’s efficiency, my,; =mass flow
rate of the fuel (kg/h), ps.e; = density of the fuel (kg/m?),
LHVj,.; = latent heat of vaporization of the fuel.

Finally, Kusakana and Vermark [32] put forward a
model suitable for determining the total electrical
energy generation from a fuel ignition generator as
follows:

Electrical Energy Output (Eg)

= Prated X Ngen X (10)

System economic parameters with their models

1) Discount rates (real and nominal): these are
interesting rates that are considered in a cash flow
analysis, of which the real one takes inflation rate
into account, where the nominal one neglects the
effect of inflation. The following formula relates the
2 discount rates as put forward by Nurunnabi and
Roy [16].

(11)

where i = real discount rate, i’ = nominal discount

rate, and F = annual inflation rate.

2) Net present costs (NPC): this is defined as the
aggregate of the capital costs and the discounted
future costs incurred by the system over the entire
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life of the project. The model for evaluating such
economic parameter has been provided in Eq. 12.
In line with the NPC is the operating cost, where
its formula is given in Eq. 13.

N
Oo&M
NPC =C + —_—
2+

(12)

where C = capital/investment costs ($), O&M = oper-
ation and maintenance costs, { = discount rate/real
discount rate, and N = project life time.

Operating cost = CRF (i, Nproject ) NPC - CRF (i, Nproject) -.C
(13)

where CRF = capital recovery factor.

3) Capital recovery factor (CRF): this critical
parameter is relevant in calculating the value or
cost of an annuity. It is represented by the
below formula that was reported by Adaramola

et al. [31].
. AN
CRE < . X (lj\—[l)
14N -1

(14)

4) Levelized costs of energy (LCOE): this could be
defined as the total costs to generate a unit of
energy for a system over its entire life. It could also
be seen as the amount at which the energy must be
sold to have a break-even. It is given by the below
formula reported by the Fraunhofer Institute for
Solar Energy [34] as applied.

n A
Rl Y,
. Mel
Do axy

LCOE =

(15)

where [ = capital costs/investment costs ($), A, = annual

total costs/operation and maintenance costs, and Mel =
annual energy/electricity generated (kWh).
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Fig. 5 Screenshot of a HOMER block diagram for the systems architecture
.

Methods

The assessment approach adopted was a grid-connected
solar PV/wind-turbine/biomass gasified power system
without storage. The reason behind neglecting the
storage system was due to the incorporation of a
utility grid as a backup system. Hence, generations in
excess of demand necessitates forward the excess
energy to the grid. In short, the generation of the de-
mand results is based upon the compensation of grid
power to meet up with the demand. This configur-
ation was then compared to its off-grid-based config-
uration where battery storage was incorporated as the
backup system in order to clearly see the gap between
the two scenarios for better decision-making. The sys-
tems’ architecture is described in Fig. 5.

From the systems’ architecture figure, an obvious
transition in power transmission to the demand side,
utility grid, and battery storage is evident depending
on the kind of power requirement based upon the
established DC and AC supply buses. This is being
taken into account by using a bi-directional inverter
that works as both an inverter and a rectifier, depend-
ing on the power to be dispatched in operation. The
inverter specification is given in the Appendix section

in Table 14. In all cases, the “HOMER software” was
used for the sizing, simulation, and optimization in
obtaining the technically optimal parameters with the
corresponding optimum configuration based on least
NPC, and in line with all the analyzed design input
parameters presented in the Appendix section. This
included the utility grid input specification of Table
13, the input specification for the power system com-
ponents of Table 14, and additional input specification
for the biogas genset of Table 15. Further economic
analysis regarding operating costs and LCOE deter-
mination for each system case were conducted using
Microsoft Excel.

The general description of how the HOMER software
works in the system design based on the load specifica-
tion of the components’ modeling, optimization, and
so on was clearly demonstrated in the model given in
Fig. 6.

The operational principle in the energy management
for the proposed grid-connected system is comprised
of three stages. The first stage relates to the solar PV
and wind turbine components focused on fulfilling
the demand, and the third component representing
the biogas genset is optimized in order to be
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automatically activated based on its minimum load
ratio on occasions of insufficiency of solar PV and
wind turbine components. The second stage relates to
the grid intervention on occasions of total power def-
icit of the whole system in comparison to the load
demand. Hence, the utility grid power is being
sourced/purchased to meet the demand based on a
defined limit. The third stage also relates to the grid
intervention on occasions of total power of the sys-
tem in excess of the load demand, where the surplus
is sent/sold to the utility grid based on the defined
limit. The management strategy is clearly described in
the model presented in Fig. 7.

Sensitivity analysis was performed to investigate
the grid-connected system based on some technical
and economic parameters. The technical parameters
were solely the climate-based resource data viz. the
scaled annual average wind resource, the scaled an-
nual average solar resource, with the accompanied

scaled annual average ambient temperature, where
an assumption of 5% decrease and 5% increase was
provided to the original data. This is in view of pos-
sible fluctuations due to the high uncertainty of the
climate data. The economic parameter considered
was the discount rate being a strong determinant for
the time value of money in the cash flow evalua-
tions. The assumption to the baseline discount rate
considered was a decrease and an increase of 1%
and 2%, respectively, in the sensitivity.

Likewise, an energy efficiency assessment was offered
for the proposed optimized grid-connected configur-
ation with further simulation and re-optimization using
the “HOMER tool” for observing their impact. The
focus was on the adjustment of the load demand by
switching of appliances specifically for lighting and
heating requirements. For the lighting aspect, switching
was done from the already specified use of incandescent
bulbs in the load calculations to the use of a “light
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Fig. 7 Optimum energy management and operational principle model

emitting diode (LED).” However, for the heating aspect,
the switching was specified from electric cooking and
electric water heating regarding the use of an “im-
proved biomass cook stove (IBCS)” for both cooking
and water heating. In all the cases, the power demand
and cost implications were analyzed and summarized in
the Appendix section in Table 16.

Furthermore, supplementary economic assessments
were successfully performed using Microsoft Excel for
analyzing the economic benefits associated with the
switch from the comparable standalone system to the
proposed grid-connected system, and also from the
proposed grid-connected system to its energy effi-
ciency measure. In the same vain, the assessment of
supplementary emissions was successfully carried out
using the GaBi tool for a further analysis of impact
categories, e.g., global warming potential (GWP),
acidification potential (AP), and ozone-layer depletion
potential (ODP) indicators for the proposed grid-
connected system and its energy efficiency measure all
from the grid-only power supply, i.e., the power supply

of the conventional system mixture, available in the
utility grid of the country. This enables us to observe
the overall environmental impact of the transition
throughout a life cycle. Figure 17 of the Appendix sec-
tion clearly illustrates the model applied in the GaBi
tool for the analysis of the life cycle emission impacts.

Finally, a wrap-up qualitative assessment focusing on
the reliability issue for the utility grid and on overall
policy implications, in such energy system practices, for
the case study country was included.

The project life was taken as 25 years, and the interest
rate for the overall economic assessment in the study
was assumed to be 6% as a conventional setting. The
additional input data referenced in the methodology can
be accessed in the Appendix section with citations where
necessary.

Results and discussion

The results of the overall analyses for the hybrid
energy system of the considered site in Nigeria were
successfully obtained. These include the results for the
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Table 5 Categorized optimized configurations for the comparable off-grid system

PV (kW) Wind (kW) B. Gen (kW) Bat. Conv. (kw) . Cap. (9) NPC (3) RF Biomass used (t) B. Gen/h
1500 30 3500 150 1000 15.2M 516 M 1.00 16,232 4194
N/A 30 3500 150 400 103M 543 M 1.00 19,585 5074
2,00 3500 150 1200 129M 624 M 1.00 22,740 5672
600 20 3500 400 1M19M 63.7M 1.00 22,672 5951

30 3500 9.83M 653 M 1.00 24,302 6379

proposed grid-connected system and the comparable
off-grid system, sensitivity results, energy efficiency
results, and the supplementary analysis results as
follows:

Optimization results of the proposed and the comparable
system

The categorized optimization results for the proposed
grid connected system and the comparable off-grid
system are presented in Tables 5 and 6.

The simulation and optimization results clearly re-
vealed the most feasible optimized configuration with
a PV of 1500 kW capacity, a converter of 1000 kW,
150 batteries, 30 wind turbines of the specified rating,
and a biogas genset of 3500 kW capacity for the com-
parable off-grid scenario. This is in contrast to the
proposed grid-connected system where its most feas-
ible optimized configuration was a 2000 kW capacity
for the PV component with its accompanied converter
of a size of 1000 kW, 30 wind turbines with similar
specified ratings, and a 2500 kW capacity for the
biogas genset component. The in-depth results for the
further technical, economic, and emission parameters
are presented in Figs. 8, 9, 10, and 11.

The results clearly show the other technical and eco-
nomic parameters determined. Looking at the proposed
grid-connected system, it is obvious that the total yearly
energy supply amounted to 17,353 MWh, which incor-
porated both utility-grid sourced or purchased energy as
well as the energy produced by the system components.
The yearly energy consumption is found to be 14,978
MWh as the sum of the load utilization and grid
utilization as well as excess generations. This is relatively
comparable to the off-grid scenario, where the supplied
energy from its system component is found to be slightly
more and with more excess generations than that of the
proposed grid-connected system. Moreover, the fuel
consumption in favor of the proposed grid-connected
system has obviously reduced by around 40% due to an

obvious reduction in the optimized capacity rating for
the biogas genset from 3500 to 2500 kW. These tech-
nical performance parameters observed must certainly
affect the economics of the system resulting in a huge
reduction in the NPC as well as the LCOE values by
roughly 68% and 67%, respectively. The environmental
or emission parameter has further shown more benefits
in the grid-connected system, in which the greenhouse
gas emission value became negative as compared to the
off-grid’s slightly positive value. The implication of the
negative greenhouse gas emission of the system is the
avoided emission as a result of the grid interaction,
based on the substituted fossil power from the grid that
is a high contributor to greenhouse gas emissions at the
operational stage. The specified positive emission value
for the comparable off-grid case was due to the presence
of the biogas genset with its associated direct emission
at the operational level as compared to the life cycle
basis where the direct emissions turned to neutral. The
emission evaluation formulae for the two systems are
displayed in the figure of emissions, i.e., Fig. 11.

Sensitivity results for the analysis of the proposed grid-
connected system

The sensitivity analysis results were successfully
confirmed for the different parameters considered.
When starting with the economic-based sensitivity
and varying the discount rate obviously affected the
operating costs, and ultimately the NPC (that is also
linked with the operating costs and the LCOE) as
shown in Table 7). It is clear that an increase in the
discount rate decreases the NPC, as well as ultimately
the LCOE and the operating costs.

When turning our attention to the technical and
climate-based parameters, beginning with the scaled
annual average solar irradiation sensitivity result as
presented in Table 8, it is obvious that a change
affected many other parameters in the system
performance. The scaled annual average irradiance

Table 6 Categorized optimized configurations for the proposed grid-connected system

PV (kW) Wind (kW) B. Gen (kW) Conv (kW)

Grid (kW)

. Cap. (%) NPC ($) RF Biomass used (t) B. Gen/h

2000 30 2500 1000 1000

14.8M 16.7M 0.95 9798 1722
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increase only influences the optimized sizing for the irradiance changes also affected the economic pa-
system component at 6.06 kWh/m?/day, where the rameters as well as the grid energy purchase and the
sizing for solar PV and the bio-genset changed. Like- sales with a decrease for every increase in the irradi-
wise, the solar PV energy production increased with ance value. When considering the scaled annual
an increase in the irradiance value all throughout, wind speed variations given in Table 9, the opti-
which triggered a decrease in the bio-genset produc- mized sizing for solar PV would be affected. This is
tion due to the flexible nature of the operating hours true in view of re-adjustments of other components
for the genset when being optimized in dependence for meeting the demand in a most economic man-
on the energy supply of other components. The ner. The energy production values for the different
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components all varied, which affected the economic pa-
rameters as well as the grid energy purchases and sales.
The last parameter considered in the sensitivity was the
ambient temperature that is linked to the irradiation data
in the modeling. The results are listed in Table 10. These
parameters indicate that the solar PV energy supply was
affected in an inverse proportion manner. This is due to
the increased temperature impact on the performance of
solar PV modules which lowers their efficiencies. The bio-
genset energy supply was observed to increase based on
the hours of operation changed for ensuring the most eco-
nomically optimum generation. Ultimately, the grid en-
ergy purchase and sales were also modified but mostly in
a decreasing manner.

Results of energy efficiency (EE) assessment
The analyzed input specifications with regard to the en-
ergy efficiency assessment are given in the Appendix

section of Table 16 The detailed breakdown of the
results is presented in Figs. 12, 13, 14, and 15 for
the in-depth technical, economic, and emission as-
pects. The baseline optimized configurations for the
proposed grid-connected system previously worked
out included a PV (2000 kW), a converter (1000 kW),
30 wind turbines of the same specified rating, and a
biogas genset (2500kW). The optimized configura-
tions achieved by an energy efficiency analysis re-
vealed a reduction of the genset component to a
capacity of 800kW, and a reduced solar PV compo-
nent size of up to 400 kW, when a converter of 200
kW was used and the size of the wind turbine was
left unchanged.

The reduction in the optimized component sizing
for the new load demand, arising from an efficient
switching of appliances resulted in an energy supply
reduction by 37% (i.e., from 16,539 to 10,397 MWh/

Calculated Net GHG emission / CO2 (tonnes/yr.)
15.34 Net Emissions / Avoided Emissions for the Utility Grid Case=(P - S)(X_ ., ~ Y*X_,_ )

l Where: P = Purchased Energy from the Grid (kWh/yr.), S = Sold Energy to the Grid

2793 (kWh/yr.), X = Emission factor for Grid Conventional Energy (kg/kWh
—

G.CE elec.)’ XG.I,R.E
= Emission factor for the Grid-in Renewable Energy (kg/kWhem ), Y = % share of
Proposed Grid-connected System

biogenset in the Energy Supply.

Net Emissions / Direct Emissions for the Off-grid System Operation =T*Y*X
Where: T = Total Electricity Generated by the System (kWh/yr.) X_ = Emission

m Off-grid Comparable Hybrid System factor for the Renewable Energy (kg/kWh_ ), Y = % share of biogenset in the
Electricity Supply

Fig. 11 The evaluated emissions for the proposed and the comparable system
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Discount rate NPC ($) LCOE (5/kwWh)/ Operating costs ($/year)/
Excel-based Excel-based

4% 172 M 0.0812 148,491.8

5% 16.9M 0.0799 145,857.7

6% 16.7 M 0.0788 142,339.8

7% 16.5M 0.0778 138,046.0

8% 16.3M 0.0769 133,081.9

year). This also ultimately influenced the consumption as
clearly demonstrated in Fig. 12. Regarding fuel consump-
tion, a reduction of around 44% was noticed in favor of
the energy efficiency case. The economic parameters, spe-
cifically the NPC, were drastically reduced by 88%, and
the LCOE by 81% despite the associated cost implications
of the energy efficiency measures. However, the green-
house gas emissions were observed to be reduced by
around 34% based on the displayed emission formula in
Fig. 15 and should be seen as a result of the reduced net

Table 8 Scaled annual average solar resources sensitivity results

proposed grid-connected system was close to $35
million. This amount, based on the annuity analysis
that incorporated the discount factors, the capital re-
covery factor, and the project life span led to a simple
payback period (PBP) of about 6 years, as well as a
discounted payback period (DPBP) of about 7 years.
These payback periods (i.e., DPBP and PBP) could be
interpreted as the years required for securing back the
total costs for the implementation of the proposed
grid connected system from the saved amount of

Solar resources PV B. genset PV supply B. genset supply Grid energy (MWh)  Initial NPC  LCOE ($/kWh)/  Operating cost
(kWh/mZ/day) Cap. Cap. (kW) (MWh/year)  (MWh/year) (purchase/sales) costs (%) Excel-based ($/year)/Excel-based
(kw) )
549 2000 2500 3110 3861 815/8173 148M 168 0.0801 152,4944
M
5.78 2000 2500 3272 3833 814/8216 148M 167 00788 142,339.8
M
6.06 2500 2200 3934 3709 789/8139 160M 161 00724 11,1043
M

energy of the system available in the grid.

Results of the analysis of supplementary economic
benefits and emissions

The supplementary economic benefits of the proposed
grid-connected system compared to the base case
standalone system were analyzed using Microsoft
Excel and showed amazing outcomes in Table 11. It is
obvious that the net of the NPC values indicating the
saved amount of money in the transitioning to the

Table 9 Scaled annual average wind resources sensitivity results

money in the systems that were switched both with
and without discounting, respectively. Ultimately, a re-
turn on investment in the switch-over was estimated
to be around 16%, which is close to the internal rate
of return.

Similarly, in ascertaining the benefits of adopting the
energy efficiency to the proposed grid-connected sys-
tem, based on the saved amount of money in such a
switch-over from the grid-connected system, and being
the base case in this regard, similar analysis parameters

Wind PV Cap. Wind T. supply PV supply  B.genset supply Grid energy (MWh) Initial NPC  LCOE ($/kWh)/ Operating cost
resources (m/s) (kW) (MWh/year) (MWh/year) (MWh/year) (purchase/sold) costs (5) (S) Excel-based ($/year)/Excel-based
3.55 3000 8080 4907 3900 825/8554 182M 201 0.0933 151,634.7

M
374 2000 9434 3272 3833 814/8216 148M 167 00788 142,339.8

M
393 1200 10,827 1963 3826 809/8186 122M 137 00647 123,599.0

M
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Table 10 Scaled annual average ambient temperature sensitivity results

Ambient temperature (°C) PV supply Bio-genset supply Grid energy (MWh)
(MWh/year) (MWh/year) (purchase/sold)

23.7 3291 3831 813/8220

250 3272 3833 814/8216

26.2 3253 3838 813/8212

were achieved. The saved amount being close to $15 mil-
lion in the switch-over led to a payback period of 1.78
years, a discounted payback period of 1.99 years, and ul-
timately to a return on investment as well as an internal
rate of return of all approximately 56%. The impact in this
scenario is even more rewarding as compared to the im-
pact in the preceded analysis of the grid-connected system
to the base case standalone system. This is due to a lesser
number of years in the recovery of the total investments
and a greater return. Table 12 summarized the entire re-
sults of the excel analysis in the comparison.

The supplementary emission analysis, which is based on
the global warming potential (GWP), the acidification poten-
tial (AP), and the ozone-layer depletion potential (ODP) indi-
cators as determinants for slightly broader environmental
impacts over the entire life cycle proved to be successful.
The results are depicted in Fig. 16. It is evident that a com-
parison of the proposed system with a grid-only power
production system based on a unit kilowatt hour of
electricity revealed a gap in the overall life cycle green-
house gas emission savings with regard to the reduc-
tion of the CO,-equivalent from the grid-only power
that is comprised of more fossil fuels in the mixture.
The same applies to the acidic gas emissions with an
acidification potential gap shown on a life cycle basis.

It is also obvious that the energy efficiency measure for
the proposed grid-connected system has become a re-
duced GWP, and AP value per unit kilowatt hour of en-
ergy production. This is due to the resizing of the system
in favor of a higher wind power production share and
reduced shares for the biogas and solar PV power, as com-
pared to the optimal sizing of the grid-connected system.
However, the AP gases are applied on both a direct and
an indirect basis to the proposed hybrid renewable system
with its EE measure, unlike the GWP where only the
indirect-based emissions apply due to the carbon neutral-
ity of the renewable systems. Regarding the ODP indicator
incorporated, it favors grid-only power, although all values
being infinitesimal. This is because this potential indicator
applies primarily to the solar PV activities in the life cycle,
while still affecting the proposed hybrid renewable system
with its EE measure. The EE case impact value on the
ODP category is observed to be relatively less compared
to that of the proposed system prior to the EE incorpor-
ation. This is obviously due to the share of the PV energy
production being reduced in the optimization process.

Qualitative analysis of the overall findings
On extending the power system modeling task, a brief
qualitative assessment based on reliability arguments
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Fig. 12 Technical parameter results for the proposed system and its EE measures. Energy supply component ratio (proposed grid-connected
system: PV 19.78%, wind T 57.04%, and bio-genset 23.18%/proposed grid-connected system + EE: PV 6.29%, WT 90.74%, and bio-genset 2.97%)
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to the case study country is also essential. This is based on
the utility grid concerns and the policy implications of
such energy solutions proposed. Firstly, the Nigerian grid-
infrastructure focusing on the transmission network had a
theoretical capacity of 7500 MW but can handle a wheel-
ing capacity of 4500 MW over a distance of about 20,000

km [35, 36]. This is said to be insufficiently low and re-
quires significant expansion and integration of the renew-
able systems in addressing energy deficits, environmental
concerns, and so on. However, challenges regarding the
utility grid consist of not only the wheeling capacity short-
age but also other concerns, namely network transmission

=
m l
O
Initial capital cost NPC (Million
(Million USD) USD)

H Proposed Grid-connected System

.

1 o o
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- 2 3
——

Operating cost LCOE
(Million USD/yr.) (USD/kWh)

® Proposed Grid-connected System + EE

Fig. 14 Economic parameter results for the proposed system and its EE measures (Excel-based)
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Calculated Net GHG emission / CO2 (tonnes/yr.)

= Proposed Grid-connected System

= Proposed Grid-connected System + EE

Net Emissions / Avoided Emissions for the Utility Grid Case = (P - S)(X¢ cx — Y*XG1rE)
‘Where: P = Purchased Energy from the Grid (kWh/yr.), S = Sold Energy to the Grid
(kWh/yr.), X c.x = Emission factor for Grid Conventional Energy (kg/kWh,..), X;rE
= Emission factor for the Grid-in Renewable Energy (kg/kWh,,.), Y = % share of
biogenset in the Energy Supply

Fig. 15 The evaluated avoided emissions for the proposed system and its EE measures

losses on an average of 7.4%, being higher than those of
emerging countries’ benchmarked at 2-6% [35, 36], per-
sistent power cuts arising from the inefficiency of power
evacuations, voltage control challenges, poor maintenance,
and inadequate mesh networks [4, 37]. Hence, these might
serve as limitations to the integration of the hybrid system
at the moment despite its outstanding benefits compared
to the comparable standalone hybrid system case dis-
cussed previously in the quantitative analysis. Thus, adopt-
ing the comparable off-grid system is also a good idea for
the power supply of the demand site(s), until the utility
grid challenges are resolved. Addressing the utility grid
challenges for continuous operation stability requires
strong measures such as investment on technology trans-
fer, continuous research, adequate financing, and highly
skilled manpower, which goes back to the political will of
the Nigerian government.

On moving to the policy aspect, which is also a strong in-
dicator for the successful transition, it is obvious that the so-
lution targeted both consumption and grid intervention at
the domestic level, hence a bidirectional approach, which is
closely associated with net metering as a policy instrument.
Currently, this policy instrument does not exist in the coun-
try; however, a closer instrument to it, being the feed-in tariff
exists, which was approved in 2015 and put to force in 2016,
covering solar PV, wind turbines, small hydro, and biomass
power [38]. Therefore, as a call, the net metering instrument

Table 11 Economic benefit analysis of the proposed grid-
connected system compared to the base case off-grid system
(Excel results)

is also needed for such grid integration, particularly for those
venturing into the power system business as consumers at
the same time for offsetting costs, efficient operation, and
ensuring sustainable power supply on the grid-intervention.
This should take a favorable package far beyond the conven-
tional electricity price, for the kilowatt hour of net power
provided to the grid. It should be mentioned that for the sake
of this study, the purchase price was specified in the utility
grid inputs as 150% of the conventional power purchase
price as a minimum for a better motivation of such ven-
tures. Again, concerning the energy efficiency assessment
addressed, it showed a tremendous outcome technically
and economically. Hence, such practice is also necessary
and needs appropriate incentives from the government for
its diffusion and sustainability. The incentives could be
made effective through the launch of different programs
and sensitizations while clearly specifying the packages ne-
cessary for such practices by the energy consumers at the
domestic level and beyond. Additionally, full financing for
the systems’ venture could also be made available as a fur-
ther motivation where the full payback by the energy
producers could then be favored by many installments
over a long-term period.

Conclusion
Detailed assessment of a grid-connected hybrid
renewable power system has been proposed and

Table 12 Economic benefit analysis of the switch from the
grid-connected system to the EE-based system (Excel results)

Analyzed parameters Specification

Analyzed parameters Specification

Calculated capital recovery factor (CRF) 0.0782
Net of NPC as benefit of the switch to $34.96 M
the proposed grid-based system

Calculated annualized value of the benefit $2.73M
Calculated payback period (PBP) 6.09 years
Discounted payback period (DPBP) 7.18 years
Calculated rate of return (ROI) 16.41%

Calculated internal rate of return (IRR) 16%

Calculated capital recovery factor (CRF) 0.0782
Net of NPC as benefit of the system $14.63 M
switch to EE-based system

Calculated annualized value of the benefit $1.14 M
Calculated payback period (PBP) 1.78 years
Discounted payback period (DPBP) 1.99 years
Calculated rate of return (ROI) 56.25%
Calculated internal rate of return (IRR) 56%




Jumare et al. Energy, Sustainability and Society (2020) 10:30 Page 21 of 25
P
W
S
\1
-/
1 o het
= S oS = = =
St S ! N
0 5 i w3 L
e} e = e =
- e 4 e 4
Grid-only Power / The Proposed Grid-connected ~ The Proposed Grid-connected
Conventional System System System + EE Measures
GWP Impact on Life Cycle Basis (g CO2-eq./kWh) = AP Impact on Life Cycle Basis (g SO2-eq./kWh)
ODP Impact on Life Cycle Basis (g R11-eq./kWh)
Fig. 16 Supplementary life cycle emission indicator results of the systems

conducted with its comparison to an off-grid hybrid
renewable power system for obtaining clear benefits
of the successful transition. The assessment was based
on techno-economic modeling and optimization, sen-
sitivity analysis, energy efficiency assessment, further
supplementary economic and life cycle emissions
evaluation, as well as a wrap-up reliability argument.
The optimized configuration for the proposed grid-
connected system for addressing the considered load
profile for the site was found at a total energy produc-
tion of 16,539 MWh/year, and a total supply of 17,
353 MWh/year due to the additional grid purchase of
814 MWh/year. Load consumption was estimated to
be 6762 MWh/year and grid injection 8216 MWHh/
year. The NPC as well as the LCOE for the system
were $16.67 million and $0.0788/kWh respectively.
These NPC and LCOE values were observed to be
roughly 68% and 67% respectively, less than those of
the comparable off-grid system. This was caused by
the grid impact on the proposed system, as excess en-
ergy could be sent to the grid in offsetting the overall
system costs despite the need to purchase energy on
occasions of deficits. This is different to the off-grid
system where the additional battery increases the sys-
tem costs, without possibilities of grid intervention.
Another benefit was observed regarding the massive
reduction in greenhouse gas emissions to the point of
even eliminating emissions for the grid system at the
operational level. The technical and economic para-
metric sensitivity analysis also revealed an impact on
other parameters and the extent of such an impact on
the system operation. The energy efficiency assess-
ment with further simulation and re-optimization in-
dicated a tremendous decrease in the optimized
sizing, energy production, and economic parameters,

hence an opportunity for a credible and commendable
transition. The decrease in the economic parameters
in the EE implementation for the grid-connected sys-
tem was found to be as high as by 88% and 81% for
the NPC and LCOE, respectively. Nevertheless, the
avoided emissions in the grid, based upon the EE
assessment, were reduced due to a reduction in the
excess energy of the system available in the grid.

An evaluation of the further supplementary eco-
nomic benefits considering the saved cash in systems
switching showed impacts on different economic pa-
rameters, namely the payback period, the discounted
payback period, the rate of return, and the internal
rate of return. At the same time, further supplemen-
tary assessments based on the life cycle emissions im-
pact also clearly showed a gap of the proposed system
and its energy efficiency measures compared to the
grid-only power. This is due to the carbon neutrality
of the renewable-based system and the carbon posi-
tivity of the conventional-based systems in the grid in
view of the analyzed GWP case as an example. Never-
theless, indirect emissions were accounted for all the
aspects of the life cycle in line with the concerned
processes from the GaBi software database.

These all are obvious for the relevance of imple-
menting a hybrid renewable energy system with grid
integration on decentralized grounds. There is also a
strong need for implementing the energy efficiency
measures evident for achieving enormous benefits in
line with a low-carbon development transition. This
could be successfully fulfilled using not only a reliable
utility grid and commendable policy measures’ sup-
ports but also strong incentive measures, in particular,
for ensuring the energy efficiency practices at the
considered domestic level and beyond.
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Appendix
The component modeling input data

Table 13 Utility grid input specifications
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Parameter Specification Remark/reference

Purchase price ($/kWh) 0.06 [35]

Sellback price ($/kWh) 150% of 0.06 For better motivations to renewable energy projects

Net metering Net purchase On monthly basis as a choice

Emissions (g/kWhe) CO,, 378; CO, 0.03; SO,, 1.9; NO,, 041; PM, 0.14 Calculated based on the country’s electricity mix ratio /[39]
Sales capacity (kW) 3000 Assumed maximum power to be sold to grid on an event

of excess generation

Purchase capacity (kW) 1000 Assumed maximum power to be purchased from grid on an
event of shortage

Table 14 Input specifications for the power system components

Components Costs Life span  Sizes used Others

PV panel (Q-Cell C.C, 30005/kW; R.C, 30005/kW; O&M, 25years  Range of (400-3500 kW) Efficiency at standard test condition, 15.3%;

225/polycrystalline) 10$/kW /[31] nominal operating cell temperature, 45 °C;
temperature coefficient of power, —
0.42%/°C; derating factor, 80%; ground
reflectance, 20% /[31]

Wind turbine C.C 131, 146.115/unit; RC 128,469.665/  25years  Range of (1 — 30 units)  Rated power, 330-335 kW AC; tower height,

(Enercon E33) unit; O&M 50 m; cut-in speed, 3 m/s; rated speed,

1338.235/unit (updated cost of 2012 at
6% |.R) /[40]

Biogas power C.C, 1685.45/unit; R.C, 1348.325/unit; 15,000 h  Range of (400-3500 kW)
genset O&M, 0.115/unit (composite of the

biodigester and the biogas genset:

updated cost of 2015 at 6% |.R) /[41]

Battery (Surette 6CS25P)/ C.C, 1348S/unit; RC, 1123.65/unit; O&M, 12 Range of (10-150 units)

for the 16.855/unit

off-grid case only (updated costs of 2015 at 6% |.R) /[41]

Inverter (Generic C) C.C, 7005/unit; R.C, 7005/unit; O&M, 15 Range of (200-1200 kW)
10$/unit /[31]

13 m/s/[HOMER specification]

Minimum load ratio, 30; calculated biogas
intercept coefficient, 0.1083 kg/h/kW,, [42];
calculated biogas slope, 0.5685 kg/h/kW
[42]; emissions (kg/kg fuel): CO-33,
NO,—6.17, PM-0.00068 [43, 44]

Voltage, 6 V; nominal capacity, 1156 Ah;
round trip efficiency, 80%; life throughput,
9645 kWh; min SOC, 40%; max power,
0.25 kW/[HOMER specification]

DC-AC efficiency, 90%; AC-DC efficiency,
85%; capacity (rectifier/inverter), 100%

C.C capital cost, R.C replacement cost, O&M operation and maintenance cost, I.R nterest rate
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Table 15 Additional input specification for biogas generator fuel
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Parameter Specification Remarks/reference

Biomass quantity (tons/day) 136.58 Summation of all the considered dry matters below

Biomass cost ($/tons) 0 Wastes minimization for environmental benefits

Biomass aggregate carbon C (%) 26.34 Calculated based on the share of each waste in total

Biogas to biomass ratio on aggregate (kg/kg) 0.27 Calculated based on the share of biogas potential of
each waste in the total

Low heating value of biogas (MJ/kg) 20 Selected from a range /[29]

Biogas' density (kg/m3) 12 Selected from a range /[29]

Biogas' CO, emission factor (g/kWhgjec) 3.12 Homer Pro conventional setting

Biomass considered: cow-dung: (65.75 tons/day, C 22.5%, 0.24 kg biogas/kg DM), goat-dung: (47.12 tons/day, C 29.5%, 0.2 kg biogas/kg DM), sheep-dung: (15.97
tons/day, C:31.4%, 0.3 kg biogas/kg DM), chicken-dung: (7.32 tons/day, C 32.4%, 0.34 kg biogas/kg DM), horse-dung: (0.42 tons/day, C 41.5%, 0.36 kg biogas/kg

DM) [reference to Table 1]

Table 16 Energy efficiency (EE) assessment input specifications

Parameters

Specification

Calculated total costs of considered appliances in baseline case
Calculated total costs of appliances as substitute for the EE measure
Calculated capital cost increment on implementing the EE measure
Calculated load power reduction on implementing the EE in summer
Calculated load power reduction on implementing the EE in winter
Calculated power reduction based on the seasons’ energy weights
Energy efficiency (EE) multiplier input

Energy efficiency (EE) lifetime input

$3180

$15,420

$12,240

51%

40%

44%

100 — 44% = 56%
25 years
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