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Abstract: Power outages of the electricity grid threaten the proper operation of critical infrastructure
such as hospitals. To cope with this problem, emergency diesel generators (DGs) are often used to
guarantee continuous and resilient electricity supply, resulting in increased costs and greenhouse
gas (GHG) emissions. Thus, this study aims to investigate the economic feasibility of both reducing
and replacing emergency diesel generators with solar photovoltaic (PV) systems, battery energy
storage systems (BESS) and demand-side management. A mixed-integer quadratically constrained
program is used to find the optimal configuration in terms of capacities of new assets, as well as
the optimal scheduling of both BESS and flexible loads, that minimises the levelised cost of energy
(LCOE). The model is applied to an existing hospital and its surrounding community located in Gulu,
Uganda. The results show that full replacement of the DGs will require an additional 500 kWp of PV
and 1591 kWh of BESS. This new configuration will decrease LCOE by 26% compared to the actual
situation, with a simple payback time of 6.2 years and a reduction of 74% in GHG emissions.

Keywords: energy community; Sub-Saharan Africa; micro-grid

1. Introduction

Hospital facilities are considered as one of the major electricity consumers in the
building sector [1]. The electricity supply issue in hospitals is particularly important
due to its direct impact on people’s health and on vital treatments [2]. For this reason,
hospitals must be equipped with emergency generators, which in most cases are diesel
generators (DG), to ensure a continuous supply of electricity in the event of power network
failure. The importance of these backup systems increases even more in locations where the
power network is regularly unstable. This is the case in Sub-Saharan Africa (SSA), where
more than 40% of the population lack access to electricity [3], and when a grid connection
exists, it is often unreliable. Farquharson et al. [4] indicated that power outages in SSA
countries occur for between 50 and 4600 h per year, which are mostly mitigated by backup
DGs that lead to a dramatic increase in greenhouse gas emissions (GHG) and energy
provision costs. Mitigation of DG usage can be done via increasing renewable energy
sources (RES), especially solar, due to the high potential in SSA. However, the instability of
the electrical grid is also detrimental to grid-connected solar photovoltaic (PV) systems; a
lot of energy produced needs to be curtailed because of the unavailability of the network or
the impossibility of the grid to absorb excess production.

Previous authors have looked into the advantages offered by hybrid energy systems
combining renewable generation, BESS and DGs, covering a variety of applications. As per
backup power generation, the complete replacement of the DG by BESS was studied in [5],
resulting in a cut of operating costs by 59.5% and GHG emissions by 28.4% with the new
design. Coping strategies with the gradual integration of PV and BESS and reinvestment
of savings were studied in [6], demonstrating an investment cost of 3.8% of the total life

Energies 2023, 16, 1369. https:/ /doi.org/10.3390/en16031369

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16031369
https://doi.org/10.3390/en16031369
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-4181-054X
https://orcid.org/0000-0002-9310-8904
https://orcid.org/0000-0002-5739-5555
https://orcid.org/0000-0002-7732-595X
https://doi.org/10.3390/en16031369
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16031369?type=check_update&version=1

Energies 2023, 16, 1369

20f15

cycle cost of the original design only with DG. However, the hybridisation of BESS and
DG was also studied as a relevant design strategy to increase the fuel efficiency of DG
in [7]. With most DGs deployed being fixed speed engines, BESS was able to increase the
flexibility of fossil fuel-powered generators by increasing fuel savings by 40%.

In this study, we investigate the economic feasibility of reducing and replacing DGs
with PV, BESS and flexibility demand in Lacor Hospital’s energy community. The work
presented here is based on activities carried out during the EU Horizon 2020 RENAIS-
SANCE project [8]. More specifically, an onsite workshop was organised with the major
stakeholders of the hospital in order to discuss regulatory aspects of energy communities
and to propose and analyse scenarios for the integration of more renewable energy sources
in the hospital’s community [9]. This study is then an extension and a more detailed version
of the work presented during the workshop. After data collection and curation, a set of
representative scenarios for future energy systems is created to be analysed. The evalua-
tion of the scenarios is achieved using an optimisation model based on a mixed-integer
quadratically constrained programme. This model is used to find the optimal configuration
with regard to the new assets’ capacities, as well as to find the optimal operation of both
BESS and flexible loads to minimise levelised energy costs (LCOE) and GHG emissions.

2. Materials and Methods
2.1. St. Mary’s Hospital Lacor and Its Power System

St. Mary’s hospital Lacor (Lacor hospital, LH) is located in Gulu, Northern Uganda.
It is the second biggest hospital by the number of beds in Uganda and the largest non-
governmental hospital in eastern Africa. Its compound extends over an area of about
180,000 sqm, including the hospital wards and annexed structures, schools for nurses and
clinical technicians, the faculty of medicine of Gulu University, staff quarters and receptive
structures to accommodate national and international hosts, among others. As such, an es-
timated 2000 people live within the hospital compound, plus an average of 500 students
and a variable number of inpatients. Together, they constitute the LH’s community. The
power system of LH is configured as a distributed hybrid microgrid [10], with four main
components (Figure 1): (i) connection to the national grid infrastructure, (ii) backup DGs,
(iii) a distributed photovoltaic system and (iv) a centralised Power Monitoring Control
System (PCMS).
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Figure 1. Overview of the hospital community.

The hospital is connected to the national grid through a three-phase 11 kV link.
The voltage is then reduced to 400 V using a 1 MW transformer owned and operated by
LH. A second transformer is on standby for redundancy. The hospital has displaced three
main DGs, which can be operated one at a time to allow for redundancy in the event of
any faults. A generator is always set to start automatically in case of failure of the national
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grid, thanks to a grid monitoring system and an automatic power transfer switch. LH has a
total of 315 kWp of PV systems distributed on some of the buildings’ roofs. Three-phase
inverters inject power into the LH internal grid. The inverters are controlled through the
PCMS, which modulates the power injected by the PV systems to avoid reverse power
flows to the national grid or the DGs and optimises self-consumption.

The hospital consumes an average of 1000 MWh per year, with a peak power of around
250 kW. The typical load curve is shown in Figure 2. Photovoltaic systems help cover a
significant share of the load, up to 35%. However, due to the absence of a storage unit
and the impossibility of injecting excess power into the national grid, the control system
curtails a portion of the power potentially generated by the PV systems. An example of
the PV production curve during a sunny day is given in Figure 3. It is possible to observe
the effect of curtailment in the central hours of the day, where the production curve is
flattened in between 10 a.m. and 4 p.m.; the maximum power is around 130 kW, while the
PV systems could potentially produce more than 250 kW. On the other hand, the national
grid remains quite unreliable; power is unavailable or out of acceptable voltage ranges for
at least 10-15% of the time. Consequently, 8-10% of the energy consumption is covered by
the DGs.
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Figure 2. Typical hospital load curve.
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Figure 3. Example of PV production curve.
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In terms of costs, the figures from the latest financial year 2021 /22 show a total expense
for electricity of about UGX 630 million (ca. EUR 170,000, Table 1). About UGX 550 million
(ca. EUR 150,000) was due to the consumption from the national grid, while the remaining
UGX 80 million (ca. EUR 20,000) was attributable to the diesel consumed by the DGs.
The average unit cost of the electricity from the grid was UGX 891/kWh, while the unit
cost of the electricity from the DGs was much higher, equal to UGX 1570/kWh considering
the cost of the diesel only, thus not including the costs associated with the maintenance of
the machines. Referring in a conservative way to the average purchase cost of electricity
from the national grid only, the PV production allowed to save nearly UGX 200 million
during the last financial year.

Table 1. Electricity costs of the hospital for financial year 2021/22.

Electricity Source Cost
UMEME UGX 555,063,000
Backup DGs UGX 72,650,000
PV (savings) (UGX 203,845,000)
Total expenditure UGX 627,613,000

2.2. Data Collection and Preparation

Electric power consumption and production in the whole community are monitored by
an extensive set of meters installed throughout the hospital distribution line. Data collected
from meters are stored on a server that is remotely accessible by different IP addresses
from the hospital network. Measurements of the total hospital consumption, generators
and flexible load were retrieved for this analysis. Reliable data are available from May 2022
to October 2022 with a five-minute resolution. A full-year set of quarter-hourly data was
created based on the 6 months of measurements and by exploiting the low seasonality of
the consumption and production profiles. The quarter-hourly time resolution was chosen
instead of the available 5 min resolution to reduce the computational cost of optimisation.
The region where the community is located experiences one wetter season between March
and October and a drier one from November to February. Therefore, data from September
and October (end of the wet season) are used to recreate the month of November and
December by applying a random factor between 0.95 and 1.05 to each value. January is
also constructed based on October, February and September, while March and April are
based on May. Total annual values are shown in Table 2, comparing them with the values
of the financial year 2021 /22 presented in Table 1.

Table 2. Comparison of final energy consumption and production in the financial year 2021-2022
and reconstructed data.

Data Financial Year 21/22 Reconstructed Data
Total load 945 MWh/year 1154 MWh/year
Backup DGs 46 MWh/year 48 MWh/year

Two key inputs for the optimisation model are the electrical consumption profiles and
the generator production profile. The total sum of the reconstructed electrical consumption
data was 20% higher than in the last financial year, which can be explained by the limits of
the reconstruction method, the random factor applied and a general increase in demand.
The resulting average daily profile is shown in Figure 4. The same approach was used to
reconstruct the flexible demand profile. Sterilisation machines are identified as the most
suitable candidates to be steered, and they also have their own meters, so it was possible
to extract their demand from the total load. Their maximum power is 70 kW for a total
consumption of 80 MWh/year and their aggregated average daily profile is presented in
Figure 5. The total production of the backup diesel generator differed only by less than 5%
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compared to the past year. This profile is used only to retrieve the distribution of hours
in a year when the public network is unavailable. Regarding solar PV production, it was
simulated using historical weather data of the community’s region and by knowing the
installed capacities, inclination and orientation of the various PV installations (Table 3).
This is because the available data on PV production represents the power produced “after”
curtailment. For our analysis, we will need the total power that the PV panels can produce
in order to coordinate the flexible loads and the future BESS with the aim of reducing the
curtailment. A photovoltaic production simulation was carried out using the Python library
pvlib [11], together with weather data from the ERA5-land database [12]. The combination
of the pvlib library with the ERA5-land data for multiple installations was validated by
Ramirez Camargo et al. [13]. pvlib is a model that converts time series of weather data into
AC solar power generation for a given PV system and location. The weather data used as
inputs were the global horizontal irradiance, the wind speed and temperature. The tool
also provides the ability to choose between different types of PV modules and inverters
which have their own specific parameters. We stuck to the reference module suggested by
the tool, namely a mono-C-Si module. The simulation output is a production profile for the
modules already installed. At the same time, for future installations, it will be a normalised
profile for a 1 kWp installation that will be scaled up with the optimal size chosen by the
optimisation model presented in Section 2.4.

Table 3. Characteristics of solar PV of community installations.

Capacity (kWp) Orientation Tilt (°)
155 North 6
110 South 6
25 East 20
25 West 20
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Figure 4. Average daily consumption profile and its standard deviation.
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Figure 5. Average daily profile of the flexible load and its standard deviation.

2.3. Scenarios Construction

Four potential scenarios for the investment and operation of future energy systems
were developed. Each of these scenarios was analysed two times: one with diesel prices for
the financial year 2021/22 and one with higher diesel prices registered at the time of writing
(November 2022). To assess the impacts of the proposed measures, a comparison with the
business-as-usual (BAU) situation for the two fuel prices is also presented. The Flex scenar-
ios introduced demand-side management (DSM) of the selected flexible loads, while the
BESS scenarios also added the possibility of installing a battery together with DSM. In the
RES scenarios, all combinations of assets were allowed: DSM, BESS, DG and additional
PV installation. Finally, NoGen scenarios included all the possibilities of the RES scenarios
except the diesel generator. For both the RES and the NoGen scenarios, the maximum size
allowed for the new PV installations was limited to an additional 500 kWp, half facing
South and half facing North (dictated by the roof configuration). This will lead to a total of
five scenarios for each diesel price, summarised in Table 4.

Table 4. Summary of scenarios per diesel price.

Scenario Name DG Allowed Demand-Side BESS Additional PV
Management Investment Investment
BAU v~ ~ < <
Flex v~ v % y
BESS v~ v v %
RES v~ v v v
NoGen % v v o

The proposed scenarios aim to gradually reduce the generators” dependency and,
at the same time, increase PV self-consumption. The difference in the assets present in
the scenario allowed also to compare different levels of investment. For example, the Flex
scenarios will require no costs compared to the larger investments needed to completely
replace the generators with renewable sources, as in the NoGen scenarios. The technical
and economic parameters used in the analysis are shown in Table 5.
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Table 5. Techno-economic parameters.

Parameter Symbol Value
DG efficiency nPC 22%
DG minimum partial load Pgig 80 kW
Maximum power of flexible load mflex 70 kW
BESS efficiencies neh ydisch 95%
BESS minimum SOC SOC,in 0.1
Maximum charging C-rate ﬁ 0.5h~!
Maximum discharging C-rate piisch 0.5h~!
BESS CAPEX CaEss UGX 1,688,000 /kWh
BESS lifetime LBESS 10 years
BESS carbon content EBESS 90 kg CO, /kWh [14]
PV CAPEX Cpv UGX 1,875,684 /kWp
PV lifetime LV 25 years
PV carbon content EPV 1798 kg CO, /kWp [15]
Electricity price Agrid UGX 891 /kWh
Higher diesel price Afuel UGX 532 /kWh [16]
Lower diesel price Afuel UGX 345 /kWh
Ugandan average grid carbon content E8rid 106 g CO, /kWh [17]
Diesel carbon content gfuel 270 g CO,/kWh [18]
Discount rate d 5%

2.4. Optimisation Problem Formulation

In this section, the formulation of the optimisation problem is presented. The main
structure of the model follows the previous work of the authors presented in [19]. The model
was written in Python by means of the Pyomo framework [20], while the Gurobi solver [21]
was used to solve the optimisation problem. The objective function for all scenarios is the
minimisation of the yearly LCOE, defined as:

EAC + Cop

Y di- At
teT

LCOE = 1)

where EAC is the equivalent annual cost of investment, C,,, is the total operational cost

over the year and ) d; is the total demand for electricity during the year. The equivalent
teT
annual cost represents the sum of the annual cost of owning every new asset over its entire

lifetime, and it is defined as:

Yo Cap,-Cq-d

EAC =) <— @)
ag —(1+4)7L

where y, is a binary variable that indicates if the asset a is newly installed, hence included

in the calculation, or was already existing. Cap, is the installed capacity of asset a included

in the set A, which contains PV and BESS assets. The yearly operational cost is defined as
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the sum of the cost of import of electricity from the national grid and the diesel consumed
over the time horizon T:

Cop= Y (P Agria + FPC - Apyer) - A 3)
teT

where P, is the power imported from the national grid at each time step ¢, Agrig is the price
of electricity, FtD G is the fuel consumption of the DG and Ay, is the fuel cost. Equation (4)
links imported power to the consuming assets, in this case, the demand and potentially the
BESS charging:

PP =pips?t vreT 4)

where Pthd is the power directly consumed from the grid and Pthb is the power from the
grid that goes into the battery, if any, for every time step t. Electrical demand must be
satisfied at all times by power either imported from the grid or produced by the assets
present in the community:

d?asg +d{lex _ P{?Zd +Ptvad +Ptb2d +Pt‘182d Vte T 5)

with d?”se being the base load demand, d{ fex the flexible load demand, Ptp v2d the self-

consumed PV power, P*? the power discharged from the battery to the load and Ptd 824 the

power produced from the diesel generator. Additional constraints are needed to represent
the power output of the various assets. Battery state-of-charge balance is formulated as

follows:
Pdisch

el = el +At- (P .y — Ufﬁsch) VteT (6)

where el is the energy content of the battery, P{" is the charging power and P/ is the
discharging power. Furthermore, the charging and discharging powers are limited by the
maximum C-rate values (Equations (7) and (8)), the state-of-charge is bound (Equation (9))
and charging and discharging cannot occur simultaneously (Equation (10)).

Pt < ph.Cap, VteT ?)
pflisch < pdisch . Cap, Vte T (8)
SOCpin < €l < Cap, VteT )

Pt pisth =0 VteT (10)

Diesel generator power output is linked to the fuel input by its efficiency 7C:
PPS = FPG . yPC (11)
and has to be always running above its minimum partial load:

pPG . DG < pPC e T (12)

on

where yJC is a binary variable indicating if the generator is on or off. The flexible load is
modelled by optimising its power consumption, d{ lex, at every time step to satisfy its daily
demand, Ddflex:
1 1
D =y &' vieD (13)
hed

where D is the set of days in a year and & represents the quarterly-hour time steps of every
day, d. To complete the set of constraints, additional equations were required to balance the
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ECOZ _

output of the various assets. Solar PV production is divided in the self-consumed power,

vaZd, curtailed power, P{""*, or power for charging the battery, P} vab,
Ptpv _ PtpUZd + prva + Ptcurt (14)

The power to charge the battery can come from the grid or PV:
pih = pr** 4 p&® (15)

The discharging power can only be directly consumed by the demands, since no
injection into the national grid is allowed:

Ptdisch _ P;JZd (16)

At the end of the optimisation, with all power flow variables and asset capacities
known, it is possible to calculate various key performance indicators that will help to
understand the results. Equation (17) represents the annual CO, emissions per kWh
consumed (g CO,/kWh), which is the sum of all emissions that includes the carbon content
of the electricity from the grid, the burning of fuel and the annualised carbon footprint of
the production of PV and BESS:

v (Ptimp - Egrid 4 FPG . pfuely At + Cappy - EPV /LPV + Cappgss - EPESS / LBESS
feT

N N; 17
teT

the self-consumption ratio is defined as the ratio between the renewable self-consumed
energy and the total renewable energy produced:

100+ ¥ (P — Peurt) - At

SCR = tet 18
A (18)
teT

while the self-sufficiency ratio is the ratio between the renewable self-consumed energy
and the total demand:
100 ¥ (PF* — Pewrty - At
R — teT 1
SS Y, (19)
teT

The yearly savings, AC®, expressed in UGX/year, of each scenario, are defined as the
difference between their operational cost and those of the scenario BAU:

AC* =Cot -3, (20)
The total investment is simply the sum of the capital expenditure for all the assets a:

CAPEX =) Cap,-C, (21)
acA

Finally, the simple payback time is defined as the ratio between the CAPEX and the
yearly savings AC®:
CAPEX

2.5. Stakeholder Engagement Workshop

All relevant stakeholders were invited to a workshop to look into potential future
energy solutions at St. Mary’s Hospital. All participants received a survey a couple of
weeks beforehand, in which they could indicate which elements are important to their
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organisation regarding energy supply. Three groups of stakeholders responded to the
survey: representatives of the hospital itself, the residential area on site and the hospital
school. The energy distributor UMEME decided not to fill out this survey, but to make their
views clear during the workshop. The output of this exercise was used in the workshop
itself, in which a total of 12 stakeholders were present. The detailed methodology of the
stakeholder engagement workshop has been described in the work of Lode et al. [22],
where the same approach was used for seven different potential energy communities.

3. Results
3.1. Optimisation Results

This section will present the results of the optimisation problem. Technical, economic
and environmental KPIs were compared for all the scenarios. Tables 6 and 7 show the
optimal capacities of PV and BESS for both price scenarios. It can be seen that, except for
the BESS scenario where a 50 kWh is optimal with a higher price of diesel, all other results
in terms of capacities are the same for the two diesel prices. The equal results for scenarios
RES and NoGen mean that phasing out the diesel generator is the cost-optimal solution even
when its use is still allowed. This is achieved by maximising the photovoltaic installation
coupled with a battery of more than 1.5 MWh.

Table 6. PV and BESS optimal capacity results with lower diesel price.

Scenario Name Total PV Capacity Additional PV BESS Capacity
(kWp) Capacity (kWp) (kWh)
BAU 315 X X
Flex 315 X X
BESS 315 X 0
RES 815 500 1591
NoGen 815 500 1591

Table 7. PV and BESS optimal capacity results with higher diesel price.

. . Additional PV BESS Capacity
Scenario Name PV Capacity (kWp) Capacity (KWp) (KWh)
BAU 315 X X
Flex 315 X X
BESS 315 X 50
RES 815 500 1591
NoGen 815 500 1591

The change in the various energy sources that cover the final demand is shown in
Figure 6. The introduction of DSM results in an increase in self-consumption at the expense
of PV curtailment. Consequently, it also leads to a slight reduction in imports from the grid
(—=5%) and DG utilisation (—12%). In the BESS scenarios, battery installation is convenient
only in the case of higher diesel prices. This leads to a further small decrease in grid
imports (—1%) and generator usage (—12%) compared to the Flex scenarios. Moving
toward scenarios with higher use of photovoltaic energy and the introduction of storage
options, we see a dramatic increase (+130%) in self-consumed energy produced from the
combination of photovoltaic energy and BESS compared to scenario Flex. This drastically
reduces the electricity imported from the national grid (—86%). However, an augmentation
of the curtailed energy by almost ten-fold can also be observed. This is a consequence of
the high PV capacity needed to satisfy demand when the grid is unavailable, which will
result in a high amount of overproduction during low-demand periods. The fact that in
the RES scenario, where DG usage is allowed, the generator is not used, means that purely
from an economic point of view, it is better to “oversize” the PV and BESS installation and
consequently waste energy by curtailment rather than burning diesel for the generator.



Energies 2023, 16, 1369

110f15

Energy flows
= Electricity import
mmm  Self-consumption
=== PV curtailment
mmm  Generator production

BAU - low price

BAU - high price

Flex - low price

Flex - high price

BESS - low price

Scenarios
wwww““““““

BESS - high price

RES - low price

RES - high price

NoGen - low price

NoGen - high price

o
N
=3
3
IS
S
3

600 800 1000
MWhlyear

Figure 6. Yearly details on the composition of energy consumption for all scenarios.

The energy results detailed above have different economic consequences, as presented
in Table 8 for low diesel prices and in Table 9 for higher diesel prices. For the first set
of scenarios, the results for the scenarios Flex and BESS are the same, since no battery is
installed. The yearly savings are limited to just above 5% compared to the reference case.
Still, the main advantage is that the savings come at no cost, just by introducing the steering
of the sterilisation machines. Regarding RES and NoGen scenarios, which also have the
same results due to the same optimal configuration, the annual savings reach over 25%
compared to the reference case. However, the initial investment cost for reaching these
annual savings is over UGX 3.6 billion, which still results in a limited simple payback time
of 6.2 years.

Table 8. Summary of economic results with a lower price of diesel.

. LCOE Yearly Savings Total Simple Payback
Scenario Name (UGX/KWh) (%) Investment Time (years)
(MUGX)

BAU 567.81 - - -

Flex 538.03 5.25 0 0

BESS 538.03 5.25 0 0

RES 421.64 25.74 3624 6.20
NoGen 421.64 25.74 3624 6.20

The increase in diesel price obviously results in higher LCOE for BAU, Flex and BESS
scenarios, while for the last two, no difference in LCOE is seen due to not using the DG.
The higher price of fuel also means opportunities to further increase savings by switching to
renewable energy sources, as can be seen by comparing the results between Tables 8 and 9.
The introduction of DSM once again results in cost savings of more than 5%, while the
introduction of the battery in the BESS scenario has very little impact on the final LCOE
and savings, and comes with a moderate investment cost that will be paid back in less than
2 years. The LCOE and the total investment needed to reach it are the same for both fuel
price scenarios, but in the case of a higher diesel price, the savings increase to almost 30%
compared to the reference case, while the simple payback time goes below 6 years.
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Table 9. Summary of economic results with a higher price of diesel.

Scenario Name LCOE Yearly Savings Invz(s):ralien ¢ Simple Payback
(UGX/kWh) (%) (MUGX) Time (Years)
BAU 599.91 - - -
Flex 566.36 5.59 0 0
BESS 564.81 5.85 85 1.63
RES 421.64 29.72 3624 5.82
NoGen 421.64 29.72 3624 5.82

Table 10 presents the self-consumption ratio, self-sufficiency ratio and CO, emission
results for the lower price of diesel. Following the trends in the other indicator of results,
the Flex scenario achieves a reduction in emissions of more than 5% compared to the
BAU scenarios due to an increase in both self-consumption and self-sufficiency. For the
RES ad NoGen scenarios, the emissions reduction reaches a considerably higher value,
over 74% less than the reference case. This is due to the fact that the community has almost
become independent of the national grid without using a diesel generator, reaching 96.83%
self-sufficiency. Again, it can be seen that this comes at the cost of increasing curtailment
because, in these scenarios, the self-consumption ratio drops to 82.2%, the lowest value
among all scenarios.

Table 10. Self-consumption ratio, self-sufficiency ratio and CO, emission results with lower
diesel price.

Scenario Name Cons?:ifl; tion Self-Sufficiency Emissions Emissions
Ratio (° Ratio (%) (g CO,/kWh) Reduction (%)
atio (%)
BAU 89.59 39.15 288.35 -
Flex 95.82 42.16 272.04 5.65
BESS 95.82 42.16 272.04 5.65
RES 82.20 96.83 74.73 74.08
NoGen 82.20 96.83 74.73 74.08

3.2. Workshop Results

In the survey section that enquired about the essential objectives concerning energy
supply, the hospital representatives indicated that the stability and reliability of the network
were their main concerns. Being a non-profit institution, the hospital is guided by its
mission of providing the best service possible to the needy, and a reliable power supply is
essential for that. A lower energy bill, reducing expenses for the hospital and the users,
was considered the second most important objective, followed by a reduction in emissions.
Gaining more autonomy from the central grid can be nice to have but was not considered
essential. The representatives of the residential area explained that they placed a clear
emphasis on safety for themselves and their families above all else. New systems, therefore,
need to be installed properly and maintained well to ensure this. A lower energy bill was
next on their list of important objectives, followed by grid reliability and applicability, which
are not considered essential as long as safety is guaranteed. Respondents also mentioned
some additional important boundary conditions and concerns. The first is the fact that a
new installation must come with training opportunities for energy technicians to ensure a
secure and efficient installation as well as maintenance. The evaluation of the scenarios,
based on each stakeholder’s needs, showed that the scenario in which current generators are
replaced by a more sustainable alternative of additional PV with batteries scored better for
all hospital stakeholder groups. This was mainly due to the resulting emissions reduction,
lower cost of energy and higher energy reliability. The major disadvantage of this scenario
was the big initial investment cost that is required, even though the payback time is quite



Energies 2023, 16, 1369

13 of 15

short (around 6 years). The hospital cannot pay this amount upfront, so other solutions
would have to be found.

4. Discussion

Before discussing the results presented in the previous section, an explanation of the
limitations of the proposed method is necessary. The study is a techno-economic analysis
considering some basic environmental indicators, but we did not perform a full life-cycle
analysis. Therefore, for example, costs, environmental impact and technical challenges
concerning assets disposal (PV panels and batteries) were not taken into consideration.
The optimisation model utilised in this work was purely deterministic. Hence, the results
presented are optimal only under the same exact conditions (e.g., the same number of
hours of grid failure). Nevertheless, the results presented here are of valuable importance
for a quick assessment of the financial feasibility of investing in new energy assets. Our
results show an interesting potential of DSM techniques; optimally displacing only 7% of
total demand will achieve a reduction in cost and emissions of 5%. A detailed analysis
of all the loads and activities in the hospital could potentially identify new dispatchable
loads and increase the flexibility potential and the economic and environmental benefits,
without or with contained additional costs due to extra control systems needed. However,
due to the critical activities conducted at the hospital, it may be difficult to find such
additional dispatchable loads. With the actual size of the PV system, the investment in
BESS makes sense only with the current high price of diesel, even though the combination
of BESS and DSM provides less than 1% of gains compared to the situation with only
DSM. The results for the RES and the NoGen scenarios are identical, which means that
purely from an economic point of view, it is better to avoid using a diesel generator and
replace it completely with a combination of PV and a battery storage system. However,
this result is not practical because of both the high initial investment needed and the high
capacity needed for both PV and BESS, which will risk overloading the hospital LV grid.
One potential solution for coping with the high investment cost is applying for project
funds from external sources, which could be key to overcoming the entry barrier of RES
development in SSA. Another potential solution is to implement the system in a modular
way, as presented in [6], in which new assets can be added each year depending on available
financial resources and the continuous evolution of energy needs. This second option can
also tackle another problem that comes from the optimal configuration: the resulting sizes
of new assets are mostly needed to cope with the moments when the grid is unavailable,
leaving plenty of energy for the other moments. This will lead to an increase in curtailed
energy as well as a dramatic decrease in imports from the national grid. The last point, even
if positive from an economic point of view, is not the goal of either the hospital stakeholders
or the grid operator UMEME. Representatives from the grid operator stated their concerns
about potentially losing their main customer in the area. The gradual increase in the RES
assets would also cover the already planned increase in electricity consumption of the
hospital; namely, the expansion of the staff quarters, electrification of the waste disposal
system and partial electrification of cooking, which to this day is mostly done by burning
firewood. During the workshop, it was also discussed that further cooperation between
UMEME and the hospital could produce additional advantages for both. With new assets,
the latter could, for example, also offer services such as grid balancing and/or signing a
Power Purchase Agreement to sell the excess of power to the national grid, that under
current regulations can only be done for a producing capacity of at least 500 kWp.

In conclusion, this study demonstrates the technical and economic potential of RES to
reduce or phase out costly and polluting diesel generators as well as assure a more stable
supply of energy. However, the entry cost remains the main barrier to the decarbonisation
of the energy supply system.
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