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Abstract

When sizing distributed hybrid renewable energy systems (HRESs) it has been found that capital costs can significantly be reduced
when socio-demographic factors are considered. Unique electricity usage patterns have previously been classified using users’
socio-demographic factors and used to optimize the size of individual stand-alone HRESs. An optimization model is formulated
where an individual HRES is assigned to each of the six socio-demographic classifications and power sharing is implemented with
neighboring sites in a specific configuration. Solving the optimization problem with a hybrid approach using Matlab’s genetic
algorithm and fmincon results in an 82,10% reduction in capital costs compared to the system without power sharing.
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1. Introduction

One of the big challenges with renewable energy sources such as photovoltaics (PV) and wind turbine generators
(WQ) is their stochastic generation characteristics [1]. By connecting different renewable energy sources together with
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non-renewable sources and energy storage systems (ESSs) to create a hybrid power system helps to smooth out the
generation of energy and also improves overall reliability of the power being supplied to users [2]. There is thus a
strong motivation towards developing hybrid renewable energy systems (HRESs) and exactly why so much research
has gone into planning and designing such systems to provide sustainable, cost effective and reliable forms of power
generation [3]. When sizing a HRES, localized socio-demographic factors effecting the load demand profile need to
be considered as it has been found in [4] to have a significant influence on the resultant cost of a standalone system.
Sharing power between neighboring generating units has the potential to further reduce size of individual components
resulting in further reduction in total installed system cost. However not much research has been done in this regard
to combine the advantages of considering socio-demographic factors and sharing power between neighboring HRESs.
This paper aims to fuse both, socio-demographic factors and power sharing in an attempt to further reduce total system
cost.

2. Optimization model
2.1. Problem statement

When optimally sizing the components of an HRES, the site specific load profile is very important and will dictate
the resultant cost [4]. Many different external and internal factors may influence the load profile such as seasonal
variations and socio-demographic characteristics of the users [5]. Considering the large impact of socio-demographic
factors on the load profile, [5] noted how the demand can be classified into six average hourly profiles. The seasonal
variation is also contained in these six profiles because monthly average-daily load profiles were used to compile the
classification. The temporal peak demand positions are all slightly different for all six classifications, some having
only a single peak while others may have multiple. The six load profile classifications can be seen in Fig. 1.

In this study it is decided to create an individual HRES site for every type of load profile. Power sharing between
neighboring HRESs is implemented in an effort to reduce the total installed system cost. This is compared to a base
case where power sharing is not implemented. Costs associated with connecting HRES are not considered as it would
be reasonable to assume an existing transmission grid system is already installed in a larger metropolitan area. Power
sharing is considered for a fully connected HRES configuration, where all HRESs are electrically connected to each
other as shown in Fig. 2. Power sharing is given by Ps;-;(k) where i and j each refers to a particular HRES site and the
arrow denoting power flow convention, e.g. P -2(k) will be positive if power is flowing from HRES 1 to 2 and
negative if power is flowing from HRES 2 to 1.

2.2. Objective function
The objective is to minimize the total capital cost of the distributed HRES. The socio-demographic and

environmental factors at each HRES site () is incorporated in the model for a total of six HRES sites (Nies). To
achieve this, the following objective function is presented.
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Fig. 1. Power demand for every HRES site. Fig. 2. Fully connected power sharing configuration
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where Cpy is the cost of solar PV panel [$/unit], Np, and Ns, is the number of installed parallel and series solar PV
panels respectively, Cyg is the cost of WG unit [$/unit], Ny, is the number of installed WG, Cgascost 1S the cost of
deep cycle lead-carbon battery [$/Wh], Cp, , is the amount of installed battery capacity [Wh], Cgexis the cost of diesel
generator [$/W] and Pgenmarn is the installed diesel generator capacity [W]. The costs per unit (Cpp, Cw) and per
maximum capacities (Cpan, Ccen) Were assumed constant for any installed quantity or capacity at all Nyiws, this was
done to ensure uniformity between the case study presented by Tito et al [4] and the case study of this work for easy
comparison. It is also assumed that the PV panels, batteries, etc to be installed at each site are of the same specification
and cost.

2.3. Decision variables

The optimization model consists of various decision variables, which are arranged into a decision vector shown in
(2). Time is denoted by the index k which is an hourly interval, k¥ € [/, 24] unless stated otherwise.

T _
X = |:NP,1 NP,N NWG,I NWG,Nm,s CBat,l CBat,NM,J PGen,max,l PGen,max,Nxm,x

¥
Py )Py () Py (k) Py (k) Py () Py (K) ]

where Pgen (k) is power produced by diesel generator and Pga..(k) is power supplied/absorbed by battery system. The
battery power decision variable Pgu,(k) is used to control the power flowing to and from deep cycle lead-carbon
battery ESS.

2.4. Constraints

2.4.1. Power management constraints

Power balance constraint to ensure the load demand is fully satisfied at all times while utilizing power sharing is
given in (3). The power required by the load at HRES site n during the time interval & is given by Piaqn(k), Ppyn(k) is
power produced by PV, Py (k) is power produced by WG, Pgenn(k) is power produced by diesel generator, Pgan(k)
is power supplied/absorbed by battery system. Efficiency of connected converters at each power generating unit is
given by #py,, for PV, nya, for WG, #¢en,» for diesel generator and 74, for ESS.

Pload,n (k) = 77PV,/1PPV,n (k) + nWG,nPWG,n (k) + nGen,nPGen,n (k) - ”Bat,nPBat,n (k) + Ps,n (k)9 (3)

where the total power shared at site », during time interval k is given by P ,(k), which is calculated by adding all
power inflows Py;-j(k) and subtracting all power outflows Py;-i(k), given efficiency of sharing (#,i~= #s,~) as shown
in (4).

N\llv\ N\(Ie\
P,(k)y=" 2, fPus, (k) = X n P k), Vo €[N, ] ¥ ke[l,24] 4)

i=1,j=n,i<j i=1,j=n,i>j

2.4.2. PV power supply constraints

Detailed model of PV panel to obtain the maximum power production Ppy,impu,»(k) [W] given the number of series
Nic and parallel N, cells, open circuit voltage Voc (k) [V], short circuit current Isc .(k) [A] and fill factor FF(k) is used
to determine the power produced by the PV system, as given by (5) [4].
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PPV,input‘n (k) = N&'c X Npc X VOC,n (k) X ]SC,n (k) X FF(k)a

VOC,n (k) =Voc_sre — Ky xT,, (k), )
Iy, (k) = (Iscfsrc +K, [T, (k)— 25°C]) xG, (k)/1000,
T, (k) =T, +(NOCT—20°C)><Gn(k)/800,

where T.,(k) [°C] is the cell temperature, 7, ambient temperature fixed at 25°C, normal operating cell temperature
(NOCT) is taken from manufacturers specification, G,(k) [W/m?] global solar irradiance, Isc.src short circuit current
under standard test conditions, K; current temperature coefficient, Voc.src open circuit voltage under standard test
conditions and Ky voltage temperature coefficient.

The total power produced Ppy,,(k) [W] by the installed PV array at each site (n) is a function of power produced
per panel Ppy,inpusn(k), the efficiency of the panel (7pr), amount of series (Ns,) and parallel (Np,) solar panels. See
Table 1. for all PV coefficients and specifications.

Loy (k) =11py XNy, X Np, X P (k), Vn ell,Ny,], V ke[l,24] (6)

V.input,n

Table 1. Solar PV panel specifications.

Ne*Npe FF(k) Voc-src Vsc.ste Ky K; NOCT Npv Ny Cpy
V] [A] [%/°C] [%/°C] [°C] [%] [$/unit]
6 0.7658 38 9.45 -0.31 0.053 45 16.8 2 640

2.4.3. WG constraints

The specific power output Py impun(k) [W/m?] of WG is dependent on the wind speed v.(k) [m/s] at each HRES
site n [4]. Firstly the wind speed needs to be calibrated from the measured height (%) to the hub height (Ainstaied,n)
of the installed WG, with a friction coefficient equal to the open space (a,=1/7) by (7) [6]. Power produced by the
WG is also dependent on specifications of the wind turbine such as the cut-in v.;,, cut-out v.,, and rated v,, wind
speeds given by (8). The WG specifications are given in Table 2.

all

Vn = Vref,n [href,n /hinstalled,n ] (7)

0 if v, (k) < v,

V3
WG,rating,n _ 3 ci,n .

k _ 3 3 vn (k) - 3 3 PWG,rating,n lf vc'i,rl < vn (k) < vr,n >
PWG,input,n( ) - vr,n - Vci,n vr,n - Vc[,n (8)

PWG‘rating,n U(‘ vr,n < vn (k) < vm,n >

0 lf‘ Vn (k) 2 vco,n >

Finally the output power Pyg (k) [W] produced by the WG at each site (1), which is a function of the efficiency
of the WG (n7w¢), total swept area (4w) and number of installed WG Ny, is given by (9).

PWG,n (k) = UWG ><‘AWG ><PWG,tnput,n (k)XNWG,n’ v n E[I’Nsites]’v k 6[1’24] (9)
Table 2. WG specifications.
Rrefn Rinstatted.n PyG ratingn  Vein Vi Veon nwe Awe  Cyg
[m] [m] (W] [m/s] [m/s] [m/s] (%] [m’]  [$/unit]

10 30 1000 2.5 10.5 30 90 5.8 2400
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2.4.4. Diesel generator constraints
Constraints related to the correct operation of the diesel generators is given here. Note the generator is sized using
the maximum demand required by the diesel generator throughout the day.

P

Gen,max,n

> PGen,n (k)n forVne [],N

el and Y k e[1,24] (10)

The ramp rates of the generator should also be constrained to limit the up (UR, =20 kW/Ak) and down (DR, = 20
kW/Ak) ramp rates respectively, for each HRES site (). The cost per installed diesel generator was inflated above the
nominal cost to include a penalty for emissions such as carbon dioxide (CO,), carbon monoxide (CO), sulphur dioxide
(SO,) and nitrogen oxides (NOx) [7]. The cost per watt installed diesel generator is given by, Ce., = 1000 $/kW [8]. A
multi-objective optimization would have been an alternative approach but would have immensely increased the
complexity.

_DRn g [PGen,n (k) _PGen,n (k - I)J/Ak < UR v ne [1’ N\‘itm ]3 v k € [2’ 24] (1 1)

no

2.4.5. Battery system constraints

The charging/discharging power of the battery Py 1(k) is controlled through the capacity of the installed deep cycle
lead-carbon batteries (Cye) and was set to a maximum limit of 50% of the total installed battery capacity divided by a
single time interval (Ak), which is one hour [9]. The depth of discharge (DOD) was set at 50% to strike a balance
between longevity of battery lifetime and maximizing operational capacity [10].

C. 1, YV kell24]

0.5C,,/Ak, ¥ ne[l,N, ],V ke[l,24]

[DOD/100)(C,,)
~0.5C,,, | Ak

bat

$0C,, (k)
PBat,n (k)

v ne []’ Nsitas‘

(12)

<
<

NI

The batteries were initialized to 80% state of charge (SOC) and another constraint was included to ensure repeated
operation of the HRES. The costs associated to the capital and installation costs of the deep cycle lead-carbon batteries,
Chacost = 289 $/kWh [4].

SOC,(I) =SOC,(24), ¥V ne[l,N,,.] (13)

N

3. Results
3.1. Hybrid optimization algorithm

Because the problem is essentially a NP-hard integer programming problem it is solved by a hybrid algorithm
approach using Matlab’s optimization toolbox [11]. The genetic algorithm (GA) was used to firstly obtain the
approximate location of the global minimum, thereafter fmincon’s interior-point algorithm was used to accurately
locate the exact optimum solution. Thereafter Np, and Nyg, are rounded up to the nearest integer. GA with a
population size of 100 was used and run for a maximum of 2000 generations or until average cumulative change in
objective function (f) is less than function tolerance (1x10) and constraint violation is less than chosen constraint
tolerance (1x1073). Thirty optimization runs of both scenarios, power sharing disabled and power sharing enabled were
completed with final capital cost having a coefficient of variance (cv) cvgiae=2.40% for power sharing enabled and
CVno-share=0.00% for sharing disabled. Thus the difference between subsequent runs are negligible.

3.2. Evaluation of the results
From the results shown in Table 3 it is evident that sharing power between neighboring HRES sites can contribute

to large cost savings. Implementing power sharing allowed for an 82.10% reduction in total system cost. Total cost
was reduced by decreasing the size of all installed generating units while still being able to satisfy the load at each
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site. On average the numbers of PV panels were reduced by 61%, average installed swept area of WG was reduced by
80%, battery capacity was reduced by 85% and the average size of installed diesel generator was reduced by 79%. In
the power sharing disabled scenario, site 1 was optimized to install a large battery and generator only, which at first
might seem counterintuitive. However because peak power demand does not coinciding with either peak irradiance
levels (nominally during midday) or rated wind speeds the optimization favored resulted in a more expensive approach
to satisfy the load at HRES site 1. When sizing individual isolated HRES, much more diesel generators were installed
to satisfy user demand during peak demand periods, considerably increasing the capital cost.

Table 3. Optimal sizing of HRES results with and without sharing.

Power sharing enabled Power sharing disabled

Total cost [$] 307 022 1703 496

Hybrid renewable Npu*Nsy  Nwean Awen Chatn Poenmaxn Npy*Ns, Nwgn Awen Chatn Poenmaxn
energy system number  [ypjts] [units] [m?] [kWh] [kW] [units] [units]  [m?] [kWh]  [kW]
HRES 1 4 1 5.80 59.03 34.92 0 0 0 960.43  279.75
HRES 2 2 3 17.40 59.07 17.31 10 13 75.40 306.88  279.75
HRES 3 2 1 5.80 58.95 31.88 2 16 92.80 25385 8.14
HRES 4 2 1 5.80 58.78 35.36 10 9 52.20 42352 9.07
HRES 5 2 2 11.60 59.46 36.99 0 8 46.40 22493 9.23
HRES 6 2 1 5.80 59.37 14.60 14 1 5.80 332.54 25432

4. Conclusion

Sharing power between HRES sites can be very effective in cost savings as demonstrated by the results of this
study, namely 82.10% of savings. However, savings will significantly be reduced if there is no transmission grid
already installed that can be relied upon. The power sharing scheme utilized in this paper is only a single configuration
and offers the best connection between sites. Existing grids are not necessarily connected in such an ideal
interconnected scheme and may rather be connected in a centralized, ring or many other configurations. Power sharing
schemes may not offer such a large cost saving thus many other power sharing schemes should be investigated while
still considering socio-demographic factors.
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