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Abstract: Temporary structures are being extensively used by emergency services (rescue, disaster
relief, military response units), and other end-users requiring temporary mobile off-grid energy
solutions for different purposes (event organization, vacation homes, summer camps, etc.). Yet
energy systems for these purposes largely remain fossil-based (such as diesel generators). Although
such energy systems are inexpensive, they are carbon intensive and inefficient. This study presents
a methodology of simulating temporary shelter with access to an energy supply system through a
mobile energy unit with renewable (PV) power supply systems to ensure on-site electricity production,
as well as heating/cooling and ventilation. Digital modeling simulations have been performed for
a simulated temporary shelter in different climate conditions incorporating different combinations
of electricity generation systems with a fossil fuel-based solution and a PV system, using TRNSYS
software. Study results show that the operation of a mobile energy generation unit can operate
HVAC systems and generate electricity for temporary shelter occupants in off-grid solutions. The
modeling results show that the use of a mobile energy generation unit can significantly reduce
diesel consumption in temporary shelters from 54% annually (in Riga, Latvia) to 96 % annually (in
Jerusalem, Israel). Furthermore, the output of PV-generated electricity is higher (in most cases) than
the consumed electricity amount.
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1. Introduction

The latest COVID-19 spread has highlighted the importance of mobile energy supply
systems for temporary hospitals, mobile testing laboratories, and first aid services, as well
as for self-isolation units. Despite the ongoing COVID-19 pandemic, a gradual recovery is
already taking place in many countries, meaning the return to such activities as outdoor
festivals, summer camps and other outdoor recreation events. These activities usually take
place in temporary tents without any ventilation.

Quickly deployable sustainable temporary structures provide ventilation and adequate
indoor quality and comfort conditions for people who have to be isolated or treated (mobile
hospitals) or for those who have to stay in quarantine during an epidemic or pandemic.
Temporary structures have been widely used on various occasions since the beginning
of the COVID-19 outbreak as a low-cost and fast solution to accommodate the growing
number of patients [1].

Quickly deployable energy supply systems can also be used for setting up refugee
camps (shelters). About 82.4 million people worldwide were forcibly displaced by the
end of 2020 [2]. There are around 900 registered refugee camps, and supposedly around
500 unregistered refugee camps worldwide [3].

In addition to refugee shelters, current data estimates show that there are around
500 temporary military camps deployed across the world. About 20,000 troops around the
world are currently deployed in NATO missions [4].
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Energy consumption in such campuses (refugee camps, military camps, etc.) is much
higher in comparison to regular buildings, as the building envelope has a crucial role in
maintaining heat balance and preserving heat loss from the building, accounting for up
to 60% of building thermal performance [5], while in temporary shelters and tents the
envelope oftentimes consist of light material with little to no insulation and protection from
outdoor conditions. For instance, a recent study suggested that energy consumption in
military facilities significantly exceeds that of residential buildings, mainly due to the poor
thermal properties of military building stock [6].

Some sources suggest that the US military spends about $20.2 billion annually for air
conditioning in Iraq and Afghanistan missions [7]. That amount included the cost of the
fuel and the entire infrastructure involved in the delivery of the fuel to military camps.

There are NATO initiatives in place on energy consumption in deployable military
camps (tents) [8]. Tents are deemed as the most easily deployable solution. According to
NATO Secretary General’s Annual Report 2019 [9], the energy monitoring and camp simu-
lation for energy efficiency is one of the modern-day challenges in overall energy security.

In any of the aforementioned cases, temporary infrastructure is rapidly created to
adapt to the enormous and quick influx of migrants or affected humans in need of immedi-
ate shelter and services such as communications, short-term hospitals, lighting, cooling
of medicines, hot water and sterilization, all of which require energy [10-12]. Temporary
camps are often converted into permanent settlements with inadequate long-term planning
for operations and maintenance [13]. The main results of the study [14] show that about
7 million displaced people have electricity for 4 h a day in temporary camps. However,
energy supply in displaced conditions is usually restricted to minimum survival require-
ments, with an estimated 90% of displaced people worldwide not having adequate access
to electricity [15]. Due to the lack of funding and unsustainability of clean energy policies
and practices in temporary refugee camps, current energy supply methods in these types
of camps are ineffective, insecure for users and detrimental to the environment [10]. As
the number of temporary camps and their longevity increases, there is a growing interest
in renewable based energy supply systems that can improve access to energy and human
comfort [15]. Renewable energy sources alone in the off-grid areas cannot currently ensure
a sustainable supply of energy due to their inconsistent availability and strong depen-
dence on environmental conditions [10]. Electricity supply in refugee camps is restricted
to a critical HVAC system and electricity supply operation usually powered by diesel
fuel generators [16,17]. Currently, the most widely used renewable energy source is solar
energy—it is safe, clean and easy to use, therefore it has become one of the most suitable
energy sources that can be used in various fields and can be an alternative to fossil energy
sources [18-22]. Many studies offer mobile PV systems solutions for autonomous electric-
ity generation [23-26]. With regard to temporary shelters, electricity is usually provided
by off-grid solutions (diesel fuel generators), which are not a sustainable energy supply
because of their dependence on fuel availability. Although there are no accurate reports
on energy consumption data in refugee camps, the United Nations High Commissioner
for Refugees (UNHCR) estimates that the annual expenditure on diesel fuel to produce
electricity is more than $35 million [27].

Research [10] has provided examples of the energy related costs for two refugee camps
in Burkina Faso and Kenya (see Table 1).

These numbers show the need for safer, cleaner and more cost-effective access to
energy. Efficient energy access in temporary structures is one of the ways to achieve the
2030 Agenda for Sustainable Development Goals [28], adopted by all United Nations
Member States in 2015, specifically the third goal: good health and well-being (by means
of comfortable microclimate in temporary camps); the fourth goal: quality education (by
providing electricity for lighting); and the seventh goal: affordable and clean energy (by
sustainable energy access).
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Table 1. The energy related costs for refugee camps.

Goudoubo in Burkina Faso Dadaab in Kenya
Population 10,327 356,014
Costs (for electricity

generation with diesel fuel) 31.5 k$/year 2.3 M$/year

Energy-related costs in the o o
global budget 8% 20%

Enerev consumed per 10.6 $/month 17.20 $/month
gl}llousehol d P (about 5-7% of total (about 24% of total
household earnings) household earnings)

For successful implementation of expanding sustainable energy solutions in temporary
shelters, the current paper presents a mobile energy unit with a renewable energy (PV)
system for energy generation and HVAC systems operation. The presented solution is
quickly deployable and can be adapted to future shelters/camps, for example, increasing
the electricity needs. The developed working prototype is assembled on the basis of a car
trailer and can be towed by a regular sized vehicle.

2. Materials and Methods

The developed mobile energy generation unit described in this paper consists of eight
photovoltaic (PV) batteries for power generation connected to an inverter and electricity
storage battery. The generated electricity is converted by a heat pump to heat or cool air
for the heating/conditioning supply of temporary structures. Exhaust air heat recovery
devices are used to increase the overall efficiency of the system and to ensure the adequate
air hygiene and occupants’ comfort in temporary shelters. Heat recovery is an integral
part of modern energy efficient HVAC systems [29,30]. As an auxiliary source of energy
generation (in case there is not enough solar resources), a diesel generator is provided
to extend the autonomy of mobile energy generation unit. The operation control of the
mobile energy generation unit is implemented by energy management controller connected
via the Internet that can be operated remotely. The visualization, scheme and technical
characteristics of the mobile energy generation unit are shown in Figures 1 and 2 and
Table 2.

Figure 1. Visualization of mobile energy generation unit.
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Figure 2. The scheme of the mobile energy generation unit: 1—diesel generator; 2—electricity storage
battery; 3—PV panels; 4—inverter; 5—controller; 6—electricity consumers’ power connector; 7—heat
pump; 8—air-to-air heat recovery device; 9—air supply/exhaust channels; 10—connection to the

power supply; 11—shelter.

Table 2. Technical characteristics of components of mobile energy generation unit.

Component Component
PV Batteries Value Storage Battery Value
Slope of surface 0° Cell energy capacity 20 Ah
Azimuth of surface Facing South Cells in parallel 6
Short-circuit current 9.63 A Cells in series 2
Open-circuit voltage 40.69 V Charging efficiency 0.92
. Max current per
Voltage at Max power point 3321V cell charging 100 A
. Max current per
Current at Max power point 923 A cell discharge —200 A
Tempera(t;)t;rles(c:oefﬁaent 0.00443 A/K Max charge voltage per cell 28A
Temperature coefficient
of VOC —-0.141 V/K Inverter Value
Numbe.r of c?ells wired 60 Regulator efficiency 0.98
in series
Inverter efficienc
2 y
Module area 1.46 m (DC to AC) 0.94
. . Inverter efficiency
Number of modules in series 2 (AC to DC) 0.94
Number of modules in 6 High limit on fractional 100%%
parallel state of change (FSOC) ?
Heat pump Value Low limit on FSOC 0
—20 °C outside dry-bulb Heating capacity Charge to discharge limit 0
temperature (DBT) 3.52 kW on FSOC
o Heating power Inverter output
5°Cintake DBT 1.76 kW power capacity 2400 W
o . Total cooling Current for grid charging
29°C outside DBT capacity 3.5 kW of battery 100 A
op Cooling power Upper limit on FSOC o
22 °C intake DBT 0.95 KW erid charging 100%
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Table 2. Cont.
Component Component
Air-to-air heat recovery unit Value Diesel generator Value
Heat recovery sensible 0.797 Relate power 2.0kW
effectiveness
Heat recovery latent 0.889
effectiveness ' Max power 2.4 kW
Ventilation flow rate 350 m3/h
Ventilation fan total power 150 W Min power 0.6 kW

2.1. Experimental Context

The mobile energy generation unit has been tested in real conditions in Riga, Latvia,
for a year. On the campus of the Riga Technical University, the conditions of the tempo-
rary shelter were recreated—a tent was set up and a mobile energy generation unit was
connected to it (see Figure 3), and the laboratory staff performed the measurements in
the tent at in different seasons and times of the day. For the accuracy of the experiment,
various electrical devices were connected and the number of people varied from zero to five.
Various air temperature sensors and TESTO 480 comfort probes were installed inside the
tent to measure the temperature; humidity and indoor air quality (see Figure 4). Technical
characteristics of the mobile energy generation unit are described in Table 2.

0

o < <
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Figure 3. The mobile energy generation unit connected to the tent.
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Figure 4. Sensors installation scheme in the tent.
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Based on real measurement data from the recreated temporary shelter, the mobile
energy generation unit’s sustainability to operate HVAC systems and generate electricity
for temporary shelter occupants’ needs was evaluated.

2.2. Theoretical Model

Experimental study based on the recreated temporary shelter measurement was
mirrored by digital modelling. For this purpose a digital model (Figure 5) in transient
system simulation (TRNSYS) software was developed.
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Figure 5. TRNSYS model for mobile energy unit.

The temporary shelter’s energy system was simulated based on the following assumptions:

1.  System simulations were made for a one-year period for Riga, Latvia climate condi-
tions with 20 s calculation step;

2. Controllers sent on/off signals to heat pump depending on the air temperature in
the tent and control precise temperature (for heating or cooling needs) in the tent
according to timetable (see Table 3);

3. A comfortable climate for occupants’ wellbeing and for the reduction of CO; in the
tent was provided by an air-to-air heat recovery device according to sensor signals,
and ventilation was provided only during heating periods;

4.  Parameters of the tent were adopted according to the manufacturer’s specification
(see Table 3);

5. The diesel generator was switched on in cases when additional electricity was required

or if the storage battery could not be charged during the day;

The electrical load of the system was ~2.3 kW;

7. A digital model observed heat emissions from occupants, lighting and electricity
consumption from equipment according to Table 3.

57\
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Table 3. Input data for energy system simulation.

Tent Parameters Value
Roof and wall U=113 W/m?K
Floor U =0.87 W/m2K
Volume 35.25 m°
Area 20 m? floor; 48.6 m? walls and roof
Heat Loss 73.32 W/K
Capacitance 42.3kJ/K
Weather Riga, Latvia
Timetable
Occupant
Time c . W I?;a:icng Coo!ing T Light Equi&ment
oun (met) °Q) °O) W) W)
12 am.—6 a.m. 5 100 (0.9) 18+2 23+1 - -
6 am.—10 a.m. 2 125 (1.1) 18+2 23+1 55 -
10 a.m.-1 p.m. 0 - 5+2 27 +1 - -
1p.m.-3 p.m. 5 125 (1.1) 18+2 23+1 55 300
3p.m-8p.m. 0 - 5+2 27+ 1 - -
8 p.m.—10 p.m. 5 125 (1.1) 18+2 23+1 55 40
10 p.m.~12 am. 5 100 (0.9) 18+£2 23+1 - -

TRNSYS model includes all parts of mobile energy unit and allows performing dy-
namic energy simulations in various climates.

2.3. Validation of Digital Model

A digital TRNSYS model was validated based on real measurements carried out
during mobile energy unit operation (see Figure 6). A mobile energy unit ensured data
logging with 1 min interval. For the validation, solar radiation on the horizontal surface
[W/m?] and total electricity consumption [W] from 22 June 2021 15:00 till 23 June 2021
15:00 was used. During this period the diesel generator was switched off. At the start,
the battery was fully charged (100%). The power injected to the battery translates into a
positive energy balance, while the power going from the battery translates into a negative
energy balance.

2500 1200

=
o
o
o

2000

1500
Wy
1000

Solar radiation, W/m?
()] 0
o o
o o

500

151821 0 3 6 9 12 15
151821 0 3 6 9 12 15 bav h 2 h
ay hours our
Day hours (24 hour) y ( )

0

Total electricity consumption, W

(a) (b)

Figure 6. Cont.
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Figure 6. TRNSYS model validation ((a) real electricity consumption; (b) measured solar radiation;
(c) comparison of measured and calculated data; (d) battery capacity).

As can be seen, the TRNSYS model data have a good correlation with measured data.
The further evaluation of the system performance is based on the theoretical TRNSYS model.

3. Results

By compiling real operating data of the mobile energy generation unit for one year, it
turns out that about 60% of the heat supplied in the winter, spring and autumn seasons (for
case of Riga) from the exhaust air is recovered from the air-to-air heat recovery unit [16].
The maximum diesel consumption for supplying the recreated temporary shelter with
energy occurred in winter (see Table 4). In most cases in spring, summer and autumn, the
electricity produced by the PV was higher than the consumed electricity per day.

Table 4. One-year operational data for Riga, Latvia climate conditions.

Year Seasons

Spring Summer  Autumn Winter

(2020) (2020) (2020) (2021)

Electricity consumed (kWh) 4.22 5.20 354 1.001

Diesel generator produced electricity (kWh) 210 60 370 1.173
Diesel consumed (1) 70 20 119 378
Diesel generator work time (h) 193 55 298 955

Recovered heat (kWh) 1.347 - 1.080 3.114

Heat from heat pump (kWh) 804 - 687 2.104

Waste heat from diesel generator (kWh) 480 - 803 2.554

For data validation several simulations were performed in TRNSYS. Digital mod-
els developed for a series of cities (Riga, Latvia; Stockholm, Sweden; London, United
Kingdom—with similar climate conditions) for demonstration of the PV impact in off-grid
case temporary shelter operations. The high energy consumption for heating depends on
country-specific climatic conditions, mainly from October to April [31]. The efficiency of
solar panels depends on the following factors:

climatic conditions;

current lighting (presence or absence of shading);
possible contamination (soiling, dust cover, etc.);
the angle of inclination of the elements.
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In our case the most important factor is climate conditions, because the energy genera-
tion unit is mobile, therefore the factors, such as the current lighting of the PV and angle of
inclination of the PV, can be easily adjusted, and the unit can be easily cleaned of dirt and
dust. The average solar radiation in Northern Europe is 1.1 kWh/ m?. For the simulated
cases see Table 5 (data obtained from the “Global Solar Atlas 2.0”—a free, web-based appli-
cation is developed and operated by the company Solargis s.r.0. on behalf of the World Bank
Group, utilizing Solargis data, with funding provided by the Energy Sector Management
Assistance Program (ESMAP). For additional information: https:/ /globalsolaratlas.info
(accessed on 26 November 2021) [32]).

Table 5. Average Solar direct normal irradiation (DNI) and Specific photovoltaic power output (PVout).

Average
City
DNI, kWh/m? PVout, kWh/kWp
Riga 2.79 2.87
Stockholm 2.96 2.89
London 2.29 2.74

In the case of Riga (see Table 6) for the electricity supply and HVAC systems operation,
the PV system-produced electricity would reduce the diesel fuel consumption for diesel
generator operation by 71-93% in spring and summer seasons and in winter by 9%.

Table 6. PV panels impact in case of Riga.

Produced Diesel Fuel
Electricity, kWh Consumption, 1
Spring, 2020 WithI?\L/lt v 787 27401 —7_1 %
Summer, 2020 WithI?\L]lt v 1 2003 32000 —9_3%
Autumn, 2020 Withlf\‘,‘t v 286 %(1)2 0%
Winter, 2021 WithI?\L/‘t PV 122 ;1;2 g9,

Analyzing the simulation results, the electricity required for the equipment load
and HVAC system operation of the temporary shelter mobile energy generation unit can
provide off-grid work by approximately 54% without diesel generator. In summer, this
increases to approximately 93%. Table 7 presents simulation data for four cities with similar
climate conditions, where more heating is needed than cooling.

Table 7. Summary of an annual operation of mobile energy unit in similar climate conditions.

Electricity, kWh Energy, kWh Time, h
Town Total PV Pro- Additional Heat Re- Heat Cool Heatine Coolin Diesel
Required duced Required covered  Supplied Supplied & & Work
Stockholm 1968 2313 1639 5585 3669 392 1626 115 1369
(Sweden)
Riga (Latvia) 1989 2268 1674 5571 3616 457 1600 134 1460
London (UK) 944 2169 577 1895 1152 559 609 165 412

The electricity output (kWh) generated by the PV is higher than the consumed elec-
tricity (kWh). However, it is highly dependent on the optimal HVAC system operation
algorithms—different types of camps/shelters, number of occupants, equipment loads, etc.
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Studying the locations of the world’s 10 Largest Refugee Camps—Kakuma, Hagadera,
Ifo and Dagahaley in Kenya; Zaatari in Jordan; Yida in South Sudan; Katumba and Mishamo
in Tanzania; Pugnido in Ethiopia; and Panian in Pakistan [33]—digital models were created
for the simulation of mobile energy unit possible use in the climatic conditions of these
camps. Simulations were made under the assumptions described in Section 2.2. In addition,
climate conditions were simulated according to the location of existing largest refugee
camps. For digital model creation, the TRNSYS climatic database was used. To assess the
impact of PV panels for electricity production and HVAC system operation in temporary
camp, two models were created: Case 0: without PV panels (only with diesel generator);
Case 1: with PV panels + diesel generator (see Table 8).

Table 8. Summary of an annual operation of mobile energy unit in the world’s 10 Largest Refugee
Camps climate conditions.

Town, Avel:age PV Prod. Diesel Fuel  Heating Cooling Diesel Re.ductlon of
Case  TRNSYS Air el, kWh Cons., 1 Time,h  Time, h Generator Diesel Fuel
T°C ’ M ’ 4 Work Time, h Consumption, %
0 Garissa 292 0 2402 0 5426 6011
1 (Kenya) : 4732 1033 0 5426 2577 57
0 Jerusalem 16.1 0 1247 185 1153 3211
1 (Israel) ) 4769 56 190 1152 135 96
0 Malakal 28.0 0 2117 0 4367 5374
1 (South Sudan) ’ 4417 827 0 4367 2092 61
0 Kigoma 935 0 1654 0 2340 4439
1 (Tanzania) ) 3588 577 0 2340 1627 65
0 Addis Ababa 16.6 0 947 38 762 2375
1 (Ethiopia) : 4496 54 41 762 145 94
0 Peshawar 276 0 1697 56 3125 4256
1 (Pakistan) ’ 4213 519 56 3125 1293 69

As seen from the Table 9 (data obtained from the “Global Solar Atlas 2.0 [32]), all of the
world’s largest refugee camps are located in regions with rather similar climatic conditions
with respect to solar direct normal irradiation. The cooling duration to ensure occupant
comfort and wellbeing varies from 762-5426 h annually, while the heating duration is far
less—40-190 h annually (see Table 10).

The electricity output generated by the PV panels is higher (in most cases) than the
total required electricity amount for recreated temporary camps.

Table 9. Average Solar direct normal irradiation (DNI) and Specific photovoltaic power output (PVout).

Average
City
DNI, kWh/m? PVout, kWh/kWp

Garissa 4.01 4.3
Jerusalem 5.97 4.85
Malakal 4.18 442
Kigoma 4.33 4.46
Addis Ababa 4.82 4.7

Peshawar 3.97 4.25
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Table 10. PV produced and consumed electricity amount.

Difference, % (PV Produced

Total Required PV Produced Electricity/Electricity

Town, TRNSYS

el, kWh el, kWh Consumed)
Garissa (Kenya) 6057 4732 78
Jerusalem (Israel) 1659 4769 287
Malakal (South Sudan) 4900 4417 90
Kigoma (Tanzania) 2766 3588 130
Addis Ababa (Ethiopia) 1163 4496 387
Peshawar (Pakistan) 3694 4213 114

4. Discussion

Despite the overall globalization and the growing number of people living in cities,
many regions worldwide still suffer from an unreliable and inconsistent energy supply.
Energy blackouts can have a significant impact on occupant safety, health and wellbeing. As
such, fast deployable energy efficient mobile energy supply solutions should be introduced
more widely. While it is not necessary to produce dozens of units, more reliable technologi-
cal solutions of mobile energy units that are readily available for mass production should be
developed. Thus, in case of emergency these units can be immediately put into production.

5. Conclusions

With over 6.6 million refugees and displaced people living in camps (temporary
shelters) [2], often in extreme climatic conditions, it must be ensured that these camps
provide adequate living conditions that are compatible with basic standards with regards
to human safety, wellbeing and hygiene.

In response, this paper introduces a mobile energy generation unit with integrated PV
panels, a heat pump and an air-to-air heat recovery device to ensure adequate air hygiene
and occupants’ comfort in temporary camps. Two modifications were examined—one
using a physical prototyping (recreating a small-scale temporary shelter) and the other
using simulations based on real data for different climatic conditions.

Looking at the efficiency of the recreated temporary mobile energy generation shelters,
it can be concluded that such units can provide a sufficient amount of electricity in an
off-grid setting. The modeling results also showed how the use of a PV-based mobile
energy generation unit could significantly reduce diesel fuel consumption in temporary
camps/shelters from 54% per year (in Riga, Latvia) to 96% per year (in Jerusalem, Israel).
The PV-generated electricity output is higher (in most cases) than the consumed electricity
amount. The main advantage of such installation is its mobility, which makes it possible
to move it without hindrance, and thus, if necessary, track the sun and clean the PV
from dirt and dust, as well as relocate it using a regularly sized vehicle. Moreover, if the
intensity of solar radiation is not sufficient or if the required electricity output increases,
the accumulated energy from the storage batteries or a diesel generator for electricity
production can be used, to ensure consistent supply of the necessary energy for temporary
camps/shelters in off-grid conditions.
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