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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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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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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,i→j(k) where i and j each refers to a particular HRES site and the 
arrow denoting power flow convention, e.g. Ps,1→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 (n) is incorporated in the model for a total of six HRES sites (Nsites). To 
achieve this, the following objective function is presented.  

Fig. 1. Power demand for every HRES site.                Fig. 2. Fully connected power sharing configuration 
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where CPV is the cost of solar PV panel [$/unit], NP,n and NS,n is the number of installed parallel and series solar PV 
panels respectively, CWG is the cost of WG unit [$/unit], NWG,n is the number of installed WG, CBat,cost is the cost of 
deep cycle lead-carbon battery [$/Wh], CBat,n is the amount of installed battery capacity [Wh], CGen is the cost of diesel 
generator [$/W] and PGen,max,n is the installed diesel generator capacity [W]. The costs per unit (CPV, CWG) and per 
maximum capacities (CBat,n, CGen) were assumed constant for any installed quantity or capacity at all Nsites, 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	∈ [1, 24] unless stated otherwise. 
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where PGen,n(k) is power produced by diesel generator and PBat,n(k) is power supplied/absorbed by battery system. The 
battery power decision variable PBat,n(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 k is given by Pload,n(k), PPV,n(k) is 
power produced by PV, PWG,n(k) is power produced by WG, PGen,n(k) is power produced by diesel generator, PBat,n(k) 
is power supplied/absorbed by battery system. Efficiency of connected converters at each power generating unit is 
given by ηPV,n for PV, ηWG,n for WG, ηGen,n for diesel generator and ηBat,n for ESS.  
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where the total power shared at site n, during time interval k is given by Ps,n(k), which is calculated by adding all 
power inflows Ps,i→j(k) and subtracting all power outflows Ps,j→i(k), given efficiency of sharing (ηs,i→j = ηs,j→i) as shown 
in (4). 
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2.4.2. PV power supply constraints 
Detailed model of PV panel to obtain the maximum power production PPV,input,n(k) [W] given the number of series 

Nsc and parallel Npc cells, open circuit voltage VOC,n(k) [V], short circuit current ISC,n(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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where Tc,n(k) [°C] is the cell temperature, TA ambient temperature fixed at 25°C, normal operating cell temperature 
(NOCT) is taken from manufacturers specification, Gn(k) [W/m2] global solar irradiance, ISC-STC short circuit current 
under standard test conditions, KI current temperature coefficient, VOC-STC open circuit voltage under standard test 
conditions and KV voltage temperature coefficient. 

The total power produced PPV,n(k) [W] by the installed PV array at each site (n) is a function of power produced 
per panel PPV,input,n(k), the efficiency of the panel (ηPV), amount of series (NS,n) and parallel (NP,n) solar panels. See 
Table 1. for all PV coefficients and specifications. 
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            Table 1. Solar PV panel specifications. 
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2.4.3. WG constraints 
The specific power output PWG,input,n(k) [W/m2] of WG is dependent on the wind speed vn(k) [m/s] at each HRES 

site n [4]. Firstly the wind speed needs to be calibrated from the measured height (href,n) to the hub height (hinstalled,n) 
of the installed WG, with a friction coefficient equal to the open space (αn=1/7) by (7) [6]. Power produced by the 
WG is also dependent on specifications of the wind turbine such as the cut-in vci,n, cut-out vco,n and rated vr,n wind 
speeds given by (8). The WG specifications are given in Table 2. 
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Finally the output power PWG,n(k) [W] produced by the WG at each site (n), which is a function of  the efficiency 
of the WG (ηWG), total swept area (AWG) and number of installed WG NWG,n, is given by (9). 
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(2). Time is denoted by the index k which is an hourly interval, k	∈ [1, 24] unless stated otherwise. 
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where PGen,n(k) is power produced by diesel generator and PBat,n(k) is power supplied/absorbed by battery system. The 
battery power decision variable PBat,n(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 k is given by Pload,n(k), PPV,n(k) is 
power produced by PV, PWG,n(k) is power produced by WG, PGen,n(k) is power produced by diesel generator, PBat,n(k) 
is power supplied/absorbed by battery system. Efficiency of connected converters at each power generating unit is 
given by ηPV,n for PV, ηWG,n for WG, ηGen,n for diesel generator and ηBat,n for ESS.  
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where the total power shared at site n, during time interval k is given by Ps,n(k), which is calculated by adding all 
power inflows Ps,i→j(k) and subtracting all power outflows Ps,j→i(k), given efficiency of sharing (ηs,i→j = ηs,j→i) as shown 
in (4). 
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2.4.2. PV power supply constraints 
Detailed model of PV panel to obtain the maximum power production PPV,input,n(k) [W] given the number of series 

Nsc and parallel Npc cells, open circuit voltage VOC,n(k) [V], short circuit current ISC,n(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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where Tc,n(k) [°C] is the cell temperature, TA ambient temperature fixed at 25°C, normal operating cell temperature 
(NOCT) is taken from manufacturers specification, Gn(k) [W/m2] global solar irradiance, ISC-STC short circuit current 
under standard test conditions, KI current temperature coefficient, VOC-STC open circuit voltage under standard test 
conditions and KV voltage temperature coefficient. 

The total power produced PPV,n(k) [W] by the installed PV array at each site (n) is a function of power produced 
per panel PPV,input,n(k), the efficiency of the panel (ηPV), amount of series (NS,n) and parallel (NP,n) solar panels. See 
Table 1. for all PV coefficients and specifications. 
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            Table 1. Solar PV panel specifications. 

Nsc×Npc FF(k) VOC-STC  

[V] 

VSC-STC  

[A] 

KV  

[%/°C] 

KI  

[%/°C] 

NOCT  

[°C] 

ηPV  

[%] 

Ns,n CPV  

[$/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 PWG,input,n(k) [W/m2] of WG is dependent on the wind speed vn(k) [m/s] at each HRES 

site n [4]. Firstly the wind speed needs to be calibrated from the measured height (href,n) to the hub height (hinstalled,n) 
of the installed WG, with a friction coefficient equal to the open space (αn=1/7) by (7) [6]. Power produced by the 
WG is also dependent on specifications of the wind turbine such as the cut-in vci,n, cut-out vco,n and rated vr,n wind 
speeds given by (8). The WG specifications are given in Table 2. 
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Finally the output power PWG,n(k) [W] produced by the WG at each site (n), which is a function of  the efficiency 
of the WG (ηWG), total swept area (AWG) and number of installed WG NWG,n, is given by (9). 
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  Table 2. WG specifications. 

href,n 

[m] 

hinstalled,n 

[m] 

PWG,rating,n 

[W] 

vci,n 

[m/s] 

vr,n 

[m/s] 

vco,n 

[m/s] 

ηWG  

[%] 

AWG 

[m2] 

CWG  

[$/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. 

,max, ,   ( ),  for  [ , ] and   [ , ]Gen n Gen n sitesP P k n 1 N k 1 24      (10) 

The ramp rates of the generator should also be constrained to limit the up (URn =20 kW/∆k) and down (DRn = 20 
kW/∆k) ramp rates respectively, for each HRES site (n). The cost per installed diesel generator was inflated above the 
nominal cost to include a penalty for emissions such as carbon dioxide (CO2), carbon monoxide (CO), sulphur dioxide 
(SO2) and nitrogen oxides (NOx) [7]. The cost per watt installed diesel generator is given by, Cgen = 1000 $/kW [8]. A 
multi-objective optimization would have been an alternative approach but would have immensely increased the 
complexity.  
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2.4.5. Battery system constraints 
The charging/discharging power of the battery Pbat,n(k) is controlled through the capacity of the installed deep cycle 

lead-carbon batteries (Cbat) and was set to a maximum limit of 50% of the total installed battery capacity divided by a 
single time interval (∆k), 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]. 
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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, 
CBat,cost = 289 $/kWh [4]. 

 ( ) ( ),  [ , ]n n sitesSOC 1 SOC 24 n 1 N     (13) 

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,n and NWG,n 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 (1×10-6) and constraint violation is less than chosen constraint 
tolerance (1×10-3). 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) cvshare=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 1 703 496 

Hybrid renewable 
energy system number  

NP,n×NS,n  

[units] 

NWG,n  

[units] 

AWG,n  

[m2] 

Cbat,n  

[kWh] 

Pgen,max,n 

[kW] 

 NP,n×NS,n  

[units] 

NWG,n  

[units] 

AWG,n  

[m2] 

Cbat,n  

[kWh] 

Pgen,max,n 

[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   253.85  8.14  

HRES 4 2 1  5.80   58.78   35.36    10  9  52.20   423.52  9.07  

HRES 5 2 2  11.60   59.46   36.99    0   8  46.40   224.93  9.23  

HRES 6 2 1  5.80   59.37   14.60    14  1  5.80   332.54  254.32  

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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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. 

,max, ,   ( ),  for  [ , ] and   [ , ]Gen n Gen n sitesP P k n 1 N k 1 24      (10) 

The ramp rates of the generator should also be constrained to limit the up (URn =20 kW/∆k) and down (DRn = 20 
kW/∆k) ramp rates respectively, for each HRES site (n). The cost per installed diesel generator was inflated above the 
nominal cost to include a penalty for emissions such as carbon dioxide (CO2), carbon monoxide (CO), sulphur dioxide 
(SO2) and nitrogen oxides (NOx) [7]. The cost per watt installed diesel generator is given by, Cgen = 1000 $/kW [8]. A 
multi-objective optimization would have been an alternative approach but would have immensely increased the 
complexity.  
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2.4.5. Battery system constraints 
The charging/discharging power of the battery Pbat,n(k) is controlled through the capacity of the installed deep cycle 

lead-carbon batteries (Cbat) and was set to a maximum limit of 50% of the total installed battery capacity divided by a 
single time interval (∆k), 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]. 
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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, 
CBat,cost = 289 $/kWh [4]. 
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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,n and NWG,n 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 (1×10-6) and constraint violation is less than chosen constraint 
tolerance (1×10-3). 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) cvshare=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 1 703 496 

Hybrid renewable 
energy system number  

NP,n×NS,n  

[units] 

NWG,n  

[units] 

AWG,n  

[m2] 

Cbat,n  

[kWh] 

Pgen,max,n 

[kW] 

 NP,n×NS,n  

[units] 

NWG,n  

[units] 

AWG,n  

[m2] 

Cbat,n  

[kWh] 

Pgen,max,n 

[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   253.85  8.14  

HRES 4 2 1  5.80   58.78   35.36    10  9  52.20   423.52  9.07  

HRES 5 2 2  11.60   59.46   36.99    0   8  46.40   224.93  9.23  

HRES 6 2 1  5.80   59.37   14.60    14  1  5.80   332.54  254.32  

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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