Chapter 2

Identifying Hidden Resources

in Solar Home Systems as the Basis
for Bottom-Up Grids

Hannes Kirchhoff

Abstract In the context of the modern energy access challenge, one new pathway
towards electrification is to make use of hidden resources already in the field
through small microgrids. In particular, this paper analyses the amount of excess
energy of medium sized (65 Wp) solar home system (SHS) located in Bangladesh.
The SHS is modeled using synthetic load curves and a sophisticated battery model
that accounts for battery ageing. The simulation shows that more than 30 % of the
electricity potentially generated by the SHS remains unused.
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Introduction

The energy access challenge presents itself on several fronts at the same time.
While there are still more than 2.3 billion people without reliable access to elec-
tricity (United Nations Foundation 2012), a carbon lock-in is on the horizon if the
power sector does not turn green quickly (IEA 2011, p. 3). For individuals who
currently do not have access to modern energy services that are “affordable, clean,
reliable, and safe” (Legros et al. 2009, p. 3) this translates into high prices and
uncertain timelines for access.

As pointed out by Tenenbaum et al. (2014), it is time for the “second”, decen-
tralized track in electrification. A track that does not rely on central entities but can
grow from the bottom-up. The “swarm electrification” approach (Groh et al. 2013),
shows a pathway for how this can be done, building on the existing infrastructure,
such as the 2.6 million solar home systems (SHS) already installed in Bangladesh
(IDCOL 2013). SHS are linked to form small microgrid clusters that can gradually
be extended by going through different stages, c.f. Fig. 2.1. The process is a step by
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Fig. 2.1 Step by step bottom-

up electrification /

step bottom-up approach that eventually leads to coverage of a whole village. The
formed microgrid can, if desired, even be connected to the main grid. There is
limited literature available on interconnected SHS, however, one simulation showed
a 15 % saving in generation capacity required when eight large SHS located in
Tanzania were connected (Unger and Kazerani 2012).

Research Objectives

This paper addresses the perspective for a single SHS in the initial process of swam
electrification, showing the potential for energy sharing. Hence, the hidden
resources in terms of excess energy that remains unutilized in normal SHS oper-
ation is investigated on.

Methods

The 65 W, SHS package under the IDCOL solar program is simulated for the
course of one year using Matlab Simulink with 5 min intervals. The SHS package
consists of a 65 W, solar panel and a 100 Ah battery. Details of the respective
component modeling are as follows.
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Table 2.1 Parameters used in the PV module model

Parameter at standard test conditions, from Kyocera (2007) Value

Vpp 174V

Tvpp 375 A

Voc 217V

Isc 399 A

Ky -0.0821 V/K
K; 0.00159 A/K
Parameters obtained using Villalva et al. (2009) Value

a 1.3 [-]

N, 36 [-]

R, 266,565 Q
Ry 0.2454 Q

Solar Module Simulation

For the model in this paper, the SHS is equipped with a 65 W, multicrystal PV
module, fitted to data sheets from Kyocera KC65T panel (Kyocera 2007), which is
modeled using a mathematical model developed by Villalva et al. (2009). This
model is an improvement of the single diode equivalent circuit and can be easily
adapted to different panels. The work presented in the paper includes an algorithm
to determine the best fitting parameters for the shunt resistance Rg and the parallel
resistance Rp requiring only datasets at open and short circuit as well as at the
maximum power point (MPP). These parameters are then used to model the
characteristic current behavior as in (2.1) where V; is the thermal voltage and a the
ideality factor of the diode. The parameters used are listed in Table 2.1.

Iy = Iy - [exp(w> _ 1} 2.1)

V['a

The temperature influence on the panel are reflected on through the temperature
coefficient for voltage Ky and the temperature coefficient for current K;.

The model is verified with the electrical performance at nominal operating cell
temperature which is given in the datasheet (Kyocera 2007), producing an error of
less than 0.4 %."

The influence of ambient temperature is most critical for the simulation of the
PV panel where energy output is decreased for higher temperatures. Hence, a
conservative assumption with a constant ambient temperature of 30 °C is taken. The
temperature of the cells is modeled as being directly proportional to the irradiation
G, as in (2.2). This approach is proposed by Hansen et al. (2000, p. 14).

! Input values are G = 800 W/m?, T,y = 47 °C and Vpy = 15.3 V. The datasheet states 46 W
output and the model calculates 46.15 W.



26 H. Kirchhoff

)
ch .G (2.2)

Te = Ty +0.03

Real solar data for Dhaka of the year 2001 is used, specifically global horizontal
solar insulation data from NREL (2005). The panel’s orientation is assumed as
perfect south and 24° tilt to allow for maximum generation. Correction factors for
this tilt are based on data from Boxwell (2013).

Battery Model

The battery modeling has to cover a wide range of parameters and constants, but there
are essentially only two variable inputs into the model during the simulation: temper-
ature and current. Corresponding to the ambient temperature, the battery temperature is
assumed constant at 30 °C. This assumption is based on the fact that the current flows to
and from the battery are relatively small and combined with the large surface to volume
ratio of the battery should not lead to mayor warming effects (Boldt 2012).

Thus, the only remaining input variable is the current. The output parameters are
the terminal voltage of the battery the state of charge (SOC) and, as a lifetime
monitoring variable, the remaining capacity of the battery. Degradation and cor-
rosion lead to reduction in capacity, which is reflected in the state of health (SOH).
For batteries in electric vehicles the SOH is often defined so that it reaches zero
when the remaining capacity is 80 % (Lam 2011). This does not necessarily hold
true for batteries in SHS as the reduced capacity can still be used. Hence, in this
paper the definition as in (2.3) is utilized, details on the calculation of the remaining
discharge capacity C,(¢) are given in Bindner et al. (2005) and Boldt (2012).

o Cu(n)
SOH = =

(2.3)
The terminal voltage U,,, is obtained by multiplying the cell voltage U,.; by the
number of cells (six). The cell voltage is derived by using a set of two Shepherd
Equations, one for charging (2.4) and one for discharging (2.5), where the SOC and
DOD are the state of charge and depth of discharge respectively.

For I > 0O:

Ueet(t,1) = Up — g - DOD + p. (1) % () M, - % . CS—OEO(IC)‘(t) (2.4)
For 1 <0:
Ualt,1) = U — - DOD + (1) -~ 4 ptey - my 10— POPW__ 5 5

Cy " Cy Cq(r) —DOD(r)
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The Eqgs. (2.4) and (2.5) can be both be rearranged so that each constitutes of one
portion independent of the battery current and the other part dependent on the
battery current. These are the values used for a simple equivalent circuit of the
battery in the SHS model with a controlled voltage source (Uy) and an internal
resistance (R;) in series. Ageing effects are reflected in the model that are related to
the following stress factors:

o Time between full charges, in particular modeling the build- up of irreversible
sulphation,

e Partial cycling by taking into account the end of charge voltage when crossing
over a SOC value of 90 % but not reaching 100 % which is critical for corrosion,

e Ah-throughputby evaluating the total discharge current in a weighted number of
cycles which is an indication for the loss of active material as well as increased
stratification,
Low discharge rates which enhance stratification,
High temperature is reflected in all relevant factors, in particular the build-up of
the corrosion layer and the effect of gassing.

Charge Controller

The charge controller was modeled with an overcharge and a deep discharge
protection. The threshold values for theses operations were taken from the IDCOL
SHS program specifications and translated from voltage cut-off values to SOC-
values. As shown in Fig. 2.2, the deep-discharge protection is activated after
crossing 30 % SOC and the load is reconnected at 50 % SOC. Once the battery is

Fig. 2.2 Model for the float/
charge controller entry:
sw_load=1;
max_V=13.5;
max_|=0.0;

[SOC>1.009]  Is0c<0.95)

normal_boost/
entry:
e—=lsw_load=1;
max_[=20;
max_V=14.4,

\

[SOC>0.5 8& I_to_bat>0] | i |

DDprotection/

max_V=14.4,
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fully charged, the charge controller changes the charging mode from boost to float,
limiting the charging voltage to 13.5 V.

Load Profile

As no real data on the usage pattern was available, literature values are used and
combined to form a synthetic load curve. According to UNFCCC (2012, p. 6), 65
W, SHS in Bangladesh are typically equipped with loads given in Table 2.2. A
aggregate load of 43 W is used between 3 and 4 h per day, resulting in a daily
energy consumption of 162 Wh.

However, other authors have argued that demand can be higher due to daily
operation of up to 5 h per day (Khadem 2006, p. 4). To account for this discussion,
an extensive use case of 240 Wh/d with longer usage hours and additional devices
is also considered (c.f. Table 2.3). It is assumed that this extensive use case is
applicable once in a week. This is simulated by giving a 6/7 probability to a 162 Wh
load day and a 1/7 probability to a 240 Wh load day. User behavior, such as
decreased demand when charge controller indicates a low SOC is not taken into
account. The load distribution over the day is taken from Khadem (2006, p. 4).

In addition to the above, a daily noise level of 15 % and an hourly noise level of
20 % is added as suggested by Hafez and Bhattacharya (2012, p. 8), as shown in the
exemplary profile in Fig. 2.3.

In the simulation, loads are modeled as a variable resistor. The value of the
resistor is calculated by taking an average battery voltage of 13 V into account.

Table 2.2 Loads for normal use day (UNFCCC 2012, p. 6)

Appliance Load (W) Usage (h/d) Daily demand (wh/d)
5 CFL lights 30 4 120
Black and white TV 10 3 30
Mobile charger 3 4 12
Total 162

Table 2.3 Loads for an extensive use day

Appliance Load (w) Usage (h/d) Daily demand (wh/d)
5 CFL lights 30 5 150
Black and white TV 10 5 60
Radio/cassette player 5 2 10
Mobile charger 2x3 5 30
Total 240
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Fig. 2.3 Exemplary weekly load profile for one SHS

Results

For the simulated SHS located in Bangladesh, generation significantly exceeds the
demand. Figure 2.4 shows how the daily generated energy is much larger than the
daily demand for large parts of the year. Only in the beginning of the second half of
the year does the daily demand occasionally exceed the daily generation.
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Fig. 2.4 Daily generation (green) and demand (red)
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Table 2.4 Simulation results -
Parameter Value Unit
Total potential generation 97.5 (kWh)
Total excess generation 31.1 (kWh)
Ratio excess generation 31.9 (%)
Total demand 62.0 (kWh)
Total disconnected load 0.0 (kWh)
80 - *
—, 60r i
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Fig. 2.5 SOC over the course of a year

Over the course of a year a total potential energy generation of 97.5 kWh was
obtained, of which 31.9 % was not harvested and hence not utilized. The total
demand of 62.0 kWh was completely supplied for, as given in Table 2.4.

The state of health (SOH) of the battery, defined as the ratio of the remaining
capacity over the initial capacity, is at 96.8 % at the end of one year. The loss of
capacity amounts to 2.5 % due to corrosion and 0.7 % due to degradation. The
reason for this healthy operation is indicated in the SOC curve, as given in Fig. 2.5.
The battery hardly goes into low SOC values in normal operation. The SOC falls
under 80 % on only one occasion during the second half of the year.

Discussion

The results of this paper show a strong potential for interlinking SHS with other
units. More than 30 % of the energy generated was dumped. However, there are a
number of losses that have not been accounted for including reflection, dirt, shading
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or losses in the domestic wiring which could influence the outcome of this value.
The assumptions made for the load profile play a critical role. In particular, seasonal
load variation is not being accounted for which could have a large impact.

Nonetheless, there is a significant amount of energy hidden and available to be
sold from the SHS owner to a small microgrid cluster. The initial connection to
another household with a small battery that can store and use this energy and thus
does not require any separate generation capacity could be the starting point for
such a bottom-up electrification scheme.
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