N

N
N

HAL

open science

Photovoltaic Hybrid Systems for remote villages
Eustace Mbaka M Nfah, Ngundam John Mucho, Godpromesse Kenne

» To cite this version:

Eustace Mbaka M Nfah, Ngundam John Mucho, Godpromesse Kenne.
tems for remote villages . Colloque MADEV 2017-Mathématiques Appliquées a objectifs de

DEVeloppement, Comité des Pays en Développement (COPED) de I’Académie des Sciences et
I’Académie Hassan II des Sciences et des Techniques du Maroc, Oct 2017, Rabat, Morocco.

01720651v1

HAL Id: hal-01720651
https://hal.science/hal-01720651v1
Submitted on 1 Mar 2018 (v1), last revised 10 May 2019 (v3)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Photovoltaic Hybrid Sys-


https://hal.science/hal-01720651v1
https://hal.archives-ouvertes.fr

Health and Energy at MADEYV 2017
Photovoltaic Hybrid Systems for remote villages

E. M. Nfah™ — J.M. Ngundam™ — G. Kenne™

*Unité de Recherche d’Automatique et d’Informatique (LAIA)

Department de Génie Electrique, IUT FOTSO Victor de Bandjoun, B.P.134 Bandjoun
Université de Dschang, Cameroun.

*emnfah@yahoo.com

Pgokenne@yahoo.com

‘Department of Electrical and Electronic Engineering, College of Technology,
University of Bamenda, P.O. Box 39, Bambili, Cameroon

** Automation and Control Laboratory,
School of Engineering, P.O. Box 8390,
University of Yaoundé I, Cameroon

¢ jmgundam@yahoo.co.uk

ABSTRACT. Electricity access in remote areas characterised by low population and energy densities in
Sub-Saharan Africa is limited due to high grid extension costs. Photovoltaic hybrid systems can be
computed using an energy equation involving one unknown. For an average daily demand of 153.6
kwh/d, the monthly energy output of photovoltaic modules at Garoua, Cameroon, enabled the evaluation
of a hybrid system comprising a 25 kW diesel generator with an operating time of 9 hr/yr, a PV array of
43.56 kWp for a renewable energy fraction of 99.8%. Similar results have been evaluated using HOMER
for medium villages in Senegal.

Systemes Hybrides Photovoltaiques pour les villages isolés

RESUME. L’access a I'éléctricité dans les zones isolées caracterisés par les faibles densities de
population et de consummation d’energie electrique en Afrique Sub-saharienne est limité par le cout
élevé d’extension des resaux electriques. Les systemes hyrides photovoltaiques peuvent étre evalués
avec une equation energétique a un inconue. Pour une demande énergétique de 153.6 kWhijr, les
productions énergetique mensuel des modules photovotaiques a Garoua, Cameroun, ont permis d’otenir
un systeme hydride constiué d’'un groupe electrogene de 25 kW avec un fontcionnement de 9 heures/an,
un generateur photovoltaique de 43.56 kWc pour une fraction renouvelable de 99.8%. Des resultats
similaires ont été determinés avec le logiciel HOMER pour les villages moyens au Senegal.

MOTS CLES: Systemes hybrides photovoltaiques, model energetique, heures annuel de groupe
electrogenes souhaités
KEYWORDS: Photovoltaic hybrid systems, energy model, desired annual generator hours



1 Introduction

Sub-Saharan Africa had the lowest urban and rural electrification rates of 58% and 12%
in 2008 [1]. Achieving universal access to electricity in Sub- Saharan Africa is therefore a
serious challenge for individual countries because of high costs of extending centralised grid
electricity to urban and rural areas characterized by low population and energy densities.
Microgrids powered by photovoltaic/diesel hybrid systems (PVVHS) which can be expanded
as energy demand increases could be used to ensure the economic development of such
underprivileged localities. The power system components of the PVHS can be evaluated
using an energy based model and an iterative method while the cost of energy of the PVHS
is evaluated using the Net Present value technique [2-4] or alternatively using HOMER
software [5-7]. The objective of this current work is to show that P\VHS option should be
preffered option instead of standalone PV systems for villages with large energy demand in
Sub-Saharan Africa. PVHS require a smaller PV array size and have higher power system
reliability because the diesel generator can be used for peak power following as well as for
reducing energy storage requirements.

2 PVHS energy model

An AC-bus configuration of a PVHS system is shown in Figure 1. Photovoltaic modules
convert variable solar radiation into a DC voltage that is often optimised with a maximum
power point tracking device. The optimised DC voltage is converted to AC voltage by a
string inverter and supplied to AC loads through an AC-bus. A battery inverter connected to
the AC-bus and battery bank charges the battery in the case of excess power from solar
panels or diesel generator. The battery inverter also converts stored energy in the battery to
AC-power when the battery bank is sufficiently charged. In Figure 1, S(K) is the energy
output of the solar generator SP in the kth month, 7 ot is the efficiency of the maximum
power point tracker MPPT, 77, is the efficiency of the string inverter SI, 77, is the
round trip efficiency of the battery bank BB, 77;,, is the efficiency of battery inverter B,
G(K) is the energy output of the diesel generator DG in the kth month and D(K) is the
energy demand of AC-loads in the kth month.
The energy demand of the AC loads in the kth month is satisfied in the solar hybrid system
by the relation:

D(K) = 175072 S(K) + G (K) ()
The monthly energy supplied by the diesel generator is given by:
G(k) = P, xgxh(k) 2)

where Pg is the rated power of the generator, ¢ is the constant load fraction at which the
generator is operated and h(k) is the number of hours the generator is operated in the kth
month.



The energy deficit in the kth month that is supplied by the generator can be expressed as:
R(K) = D(K) = 77ppe o i S (K) ©)

If the minimum parallel and serial connection numbers of solar modules that make up the
solar generator are denoted N~ and vas respectively, then the energy output of the
solar generator in the kth month is of the form:

S(k) =N, x N, xW (k) @)

where W (K) the energy output of a solar module in the kth month and is expressed as [8,9]
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Figure 1: Energy flows in PVHS hybrid system [8]
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W(k) = F.Fd(k) j I, (6) %V, (Ddt 5)
t=6

From equation (4) the energy deficit in the kth month is re-written as:

R(k) = D(k) - 77rmpt Moatt o N pvp N pvsW (k) (6)

From equations (6) and (2), the number of generator operating hours in the kth month due to
insufficient renewable energy generation is derived as:

B 0 R(k) <0
h(k) _{R(k)/ng R(k) >o} )

where q is the diesel generator load factor and Py in the rating of the diesel generator. From
equations (6) and (7) the annual number of generator operating hours due insufficient
renewable energy generation is given by:

L ( D(k) -N pvp N pvs77rmpt 775triW (k)J

h =int
2 P, 0

(®)



If the energy demand of the AC loads is supplied uniquely by the solar generator, equation
(6) reduces to:

D(k) = 77rrppt nsrti N pvp N pvsW (k) (9)

From which the minimum parallel connection number of PV module strings is determined
as:

D(k)/n,,
N - —ma in ( ) ’75m nmppt (10)
N pvsW (k)
with the serial connection number of PV modules defined by:
N, =V, IV, (11)

where V, is the operating voltage of the PV array, V,, the nominal output voltage of PV
module.

When a diesel generator is included, the power rating of the generator in PVHS can be
computed with the relation [5]:

s D(k) (12)
g 36mmax kzl:
where L; is load factor accounting for unexpected variations in maximum demand, L iS
maximum hourly load contribution to daily energy demand, (max IS the maximum load
factor. The maximum number of desired annual generator hours in PVHS can be determined
with the relation [5, 6]'

CA-rf )&
hh, =i/ $" (k) (13)
ah, &

where hhpa, maximum desired generator hours in PVHS, rf.;, is the minimum desjred
renewable energy fraction. The PV array size required in PVHS options can be determined
by solving the following inequality derived from equation (8) [5, 6]:

i D(k) -N pvp N pvsnmpptnstriw (k)|

<hh (14)
k=1 q X Pg ‘
0<hh<hh_,

The numerical solution of equation (14) is initialised with the initial value of N,; computed
with equation (10) [6]. The final value N, for a selected value of hh is then used to
compute the PV array power with the relation:



P, =N,,N, P (15)

pvp2' Ypvs' mp
where Pmp is the nominal rating of the PV module. The PV array capacity computed with
equation (15) is then used to evaluate the monthly energy outputs of the PV array leading to
the calculation of the annual operational time of the diesel generator with the relation:

2 D((k)-N__.N W (k
h2 — |nt Z ( ) pvp2 pvsnmpptnstrl ( ) (16)
k=1 Pg X q
The renewable energy fraction of the PVHS is found with the relation:
12 12
RF =N_,,N o > W(K)/ NN > W (K)+gx P, xh, (17)
k=1 k=1

3 Energy storage model

In the absence of renewable and diesel generators, the battery bank capacity in Figure 1
must be sufficient for the number of days of autonomy that are desired. The battery bank is
usually designed using the average daily energy demand of the AC loads which can be
obtained with the relation:

12 12
X = kz; D(k)/;d(k) (18)

where X is the daily energy demand computed from the annual energy demand and d (k) is
the number of days in the kth month.
The battery bank capacity required for desired autonomy is given by:

dx X

C = 19
e DODX 77dch X 77inv ( )

where Cbank is the battery bank capacity, d is the number of days of autonomy required,
DOD is the depth of discharge of the battery bank, 77,., is the discharge efficiency of the
battery bank and 7;.,, is the efficiency of the battery inverter.

From equations (18) and (19) the battery bank capacity is obtained as:

> D(K) /Zd (k)) 20)

Cbank (
DODndchnan k=1
An alternative expression for the battery bank capacity is of the form:

Cbank = Nbp Nbstatt (21)



where Ny, is the minimum parallel connection number of battery cell strings, Ny is the
serial connection number of battery cells and Cy. is the nominal capacity of battery cell.
The minimum parallel connection number of battery cell strings in the battery bank can be
computed from equations (20) and (21) as:

. d 12 12

N, :m{ > D)/ d(k) (22)
P
N s Cate DOD7 40 750, i k=1

with the serial connection number of battery cells computed as:

Vv
N, =2 (23)

an
where V,, is operating voltage of battery bank and V,, is the nominal output voltage of
battery cell.

4 Data for sizing of PVHS

The electricity consumption data of a hypothetical village with 50 low voltage grid-
connected customers is shown in Table 1. This data is derived from the characteristics of
AES-SONEL electricity consumption data of 2007 for Bandjoun, located in the West
Region of Cameroon. The information of diesel generators that can be selected in feasible
power configurations is shown in Table 2.
Table 1: Electricity consumption of a village with 50 low voltage customers

Month Jan Feb Mar Apr May | Jun Jul Aug Sep Oct Nov Dec

Annual

Typical 4571.1 | 3830.5 | 4373.5 | 4567.3 | 4401.5 | 4868.4 | 5080.7 | 4421.8 | 4657.3 | 4741.3 | 4873.9 | 4920.1

4609.0

Average |152.37 | 127.68 | 145.78 | 152.24 | 146.72 | 162.28 | 169.36 | 147.39 | 155.24 | 158.04 | 162.46 | 164.00

153.63

Table 2: Diesel generator cost and fuel consumption rates for selected load factors

Ee (I/hr)
Po (kW)  C, (E/kW) 25% 50% 75%
2.5 375 0.6 0.9 1.3
5.0 265 1.0 1.4 1.9
7.5 175 1.4 1.9 25
10.0 158 1.7 2.3 3.1
125 149 2.1 2.9 3.6
15.0 142 2.4 2.6 4.2
17.5 136 2.6 3.8 4.8
20.0 129 2.9 4.4 55
22,5 124 3.2 4.9 6.2
25.0 122 3.5 55 6.7




The monthly energy output of PV modules at Garoua used for the evaluation of feasible
PVHS for village energy demand is presented in Figure 2.
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Figure 2: Monthly energy output of selected PV modules [8]
Sunny Boy PV string inverter Model SB3000 is selected for AC-coupling of strings of PV
modules. A battery bank with an operating voltage of 48 V is selected and a bidirectional
inverter is selected for connection to the AC-bus as in previous studies [4-6].
5 Results and discussions

The feasible power system configurations obtained for the electricity consumption
profile of the village is shown in Table 3. The variation of PV array size and the renewable
energy fraction with annual number of diesel generator hours are shown in Fig 3.
Table 3: Feasible power options for a village with 50 low voltage customers

CiHh |Pup [P |Ps Coank |Pg|h  |D Eq Ew |E RF
1 0180 | 43560 | 33000 | 561.6 25| 9|55307| 168.8|67965 | 68133 |0.998
2] 10]18039600 | 30000 |561.6 | 25| 6555307 | 1218.8 | 61786 | 63005 | 0.981
3] 70]180 35640 | 27000 | 561.6 | 25| 170 |55307 | 3187.6 | 55608 | 58795 | 0.946
4| 175]180 31680 | 24000 | 561.6 | 25| 37755307 | 7068.9 | 49429 | 56498 | 0.875




380|180 | 27720 | 21000 | 561.6 | 25| 64955307 | 12169.0 | 43250 | 55419 | 0.780

5
6| 65018023760 | 18000 | 561.6 | 25| 97855307 | 18338.0 | 37072 | 55410 | 0.669
7| 980|180 19800 | 15000 | 561.6 | 25 | 1309 | 55307 | 24544.0 | 30893 | 55437 | 0.557

8|8850] 0 0 0 025885455307 | 55338.0 0155338 0.000

The PV array size decreases exponentially for annual generator hours between 0-1300 hours
and the renewable energy fractions are in the range 0.557-0.998. The maximum PV array
size of 43.56kWp found at a renewable energy fraction of 0.998 is the range of 30 — 45 kWp
which has been determined for three medium villages in Senegal with 750 inhabitants
having energy demands in the range 127.67 — 178.82 kWh/d using HOMER software [5-7].
It is noted that a diesel generator with very low operating time of 9 hr/yr is selected when
the desired renewable energy fraction is 100%. This generator will ensure power supply
reliability during prolonged hours of low solar radiation and unexpected variations in power
demand or growth in energy demand due to increase over time of the number of household
connections [10]. The results obtained are in line with previous studies involving economic
analysis [2-4] and therefore PVHS should be used in stead of standalone PV systems for the
electrification of rural areas in Far North Cameroon and other remote areas of Sub-Saharan
Africa which are characterised by high solar radiation levels. A PV array size of 23.76 kWp
is found at a renewable fraction of 0.557 and is approximately 55% of 43.56 kWp for a
renewable energy fraction of 0.998. Considering high initial costs for the implementation of
PVHS with a renewable energy fraction of almost 100%, PVHS implementation can begin
with 55% PV rating and then expanded.
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Figure 3: Annual generator hours versus (a) PV array size (b) Renewable Fraction

6 Conclusion

Photovoltaic hybrid systems (PVHS) have been computed for a village with a daily
energy demand of 153.6 kWh/d. An energy inequality in one unknown is resolved using a
numerical approach based on desired annual number of diesel generator hours. PVHS were
obtained for all desired annual generator hours. These results are in line previous studies.
PV array ratings of 43.56kWp and 23.76 kWp were found at renewable energy fractions of
0.577 and 0.998 respectively and diesel generator hours were determined as 9h/yr and 1309
hr/yr respectively. Considering the high initial costs for the implementation of PVHS with a
renewable energy fraction of almost 100%, PVHS implementation can begin with 55% PV
rating and then expanded. PVHS implementation with expandable PV array can therefore be
adopted for electrification of remote villages in Far North Cameroon and Sub-Saharan
Africa which have high solar radiation levels. The diesel generator with low annual
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generator hours can respond to growth in energy demand following electrification. A pilot
PVHS system with grid-interconnection can be implemented in Bambui, Cameroon (6° 01’
N, 10° 17° E) which has a solar insolation estimated at 5.36 kWh/m?/d given that a 100 Wp
solar home system implemented by a grid-connected home supplies energy to dc and ac
loads satisfactorily since 2015 [11]. The implementation of a PVHS project in Bambui
would supply electrical energy to rural schools, industries, businesses during the day and to
rural homes at night during prolonged grid failures.
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