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1. Introduction 

Nowadays, the global energy context leads to a 
need for the development of distributed Renewable 
Energy Sources (RES). Since most of them produce 
direct current while electricity flows in alternative 
current in the network, the energy produced by RES 
has to be converted. As modern electrical loads and 
storage systems can be potentially fed with direct 
current, the DC distribution scheme need to be 
evaluated. Then, we need to determine its 
specification (topology, voltage level, protection 
device…). Some papers have already shown the 
reduction of conduction losses induced by a DC 
distribution [1], others presented some distribution 
schemes [2] or efficiency analysis [3]-[4] for different 
voltage levels in a given case study. This paper 
proposes the first steps of a method for the 
optimization of the voltage level for a DC distribution 
scheme according to environmental issues, and 
focuses on the wire eco sizing. In a first part, we will 
present our global approach, i.e. the constituent 
which will be taken into account and the criteria 
which has been selected before focusing on the 
wiring design. In a second time, we will present the 
models and the case studies which have been 
considered to design wires. And finally we will 
present our results, comparing our approach with the 
recommendation made by French standards in our 
case studies and carrying out a sensitivity study 
about our working hypothesis. 

 

2. Sizing optimization methodology based 
on the primary energy environmental 
impact 

2.1. The Global Energy Requirement (GER) 
criteria 

Searching global criteria in order to evaluate the DC 
distribution scheme pertinence, we choose to 
consider environmental impacts on the whole life 
cycle. The environmental impact evaluation for a 
system is normalized by the International Standards 
Organization according to the standards ISO14040. 
This analysis is known as Life Cycle Assessment 
(LCA). The LCA is based on the analysis of many 
environmental impacts, like greenhouse gases 
emissions, water consumption, energy consumption,  
 

 

 
etc. Assessment is made for all life cycle steps 
presented in Fig. 1.  

 
Whereas a full-scale Life Cycle Assessment (LCA) 

is focused on the different methods for balancing the 
different impacts, we chose to focus only on the 
Global Energy Requirement (GER). The GER is 
defined as the total primary energy consumed by the 
system along its life cycle, i.e. the losses during its 
use phase, and the energetic cost related to the 
other steps of its life cycle. 

 

 
Fig. 1: Life cycle steps of a device [5] 

2.2.  General optimization synopsis 
In the DC distribution network, we take electronic 

converters, which compose the device power supply, 
wirings and protection devices into account. Then, 
we have to evaluate the GER of all these elements at 
a fixed voltage level; on the basis of this criterion we 
optimize the voltage level of the global distribution 
network. But still, changing the voltage level will 
induce a change in constituent sizing. The GER 
criterion will then once again be used at a local scale 
to optimize each element of the distribution. As 
shown in Fig. 2, the global optimization process of 
voltage level contains local optimization loops for 
each component. Local optimizations can be treated 
independently. In this paper we present the local 
optimization for wiring only. 
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Fig. 2 : Optimization process synopsis: Focus on 

wiring design 

3. Wiring optimization : Models and 
methods 

3.1. Optimization process 
As we have already explained, the GER is 

composed by losses during uses WLosses and the 
embodied energy WEmbodied. The energy consumed 
during the product use is directly link with its life 
duration. This duration could be chosen according to 
the ageing of the device or according to the 
replacement of the device by a better one whereas it 
is still usable. The first approach needs to 
understand the ageing phenomena which are 
responsible for device wear and tear. The second 
one could be based on statistic approach and linked 
to our consumption ways or to standard evolution. 
Since wire replacement is currently due to building 
renovation, we have considered a 20 years life span. 
As presented Fig. 3, which represents the wiring 
optimization synopsis, the wiring losses are also 
related to the wiring map via the wiring resistance, to 
the consumption profile and to the voltage level 
which fixes the current flowing into the wiring. The 
embodied energy is linked to the wiring map too, 
which fixes the wiring length, and to the LCA data, 
extracted from LCA assessment. 

 
Since, an increase of conductor section induces 

an increase of the wiring embodied energy and a 
decrease of its losses and vice versa, we choose the 
conductor section as the optimization parameter. For 
each section which will be tested by the algorithm, 
the losses and the embodied energy will be 
evaluated in order to find the better one for a given 
voltage level. Now, we will present the models used 
to evaluate the GER and the constraints apply to the 
optimization. 

 

3.2. GER evaluation 
For this study we have considered a wire made of 

copper for the conducting material and PVC for the 
insulating material. We will explain our assumptions 
made to evaluate the GER WLCA which is then 
expressed by the following expression: 

LCA Losses EmbodiedW W W   (1) 

 

 
Fig. 3 : Wiring optimization synopsis 

Loss and thermal model 

The loss model is simply based on Joule losses. 
However, we have taken resistivity variation 
according to thermal effect into account. We 
considered a resistance variation of +0.4%/°C and a 
uniform copper temperature. Then, for each profile 
power point, the wire temperature is evaluated 
according to a steady state thermal model and the 
scheme presented in Fig. 4. 
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Fig. 4 : Geometric and thermal wire parameters 

Thermal resistances evaluation is based on a 
convection and radiation heat transfer coefficient of 
7W/K/m² associated with a conduction heat transfer 
coefficient of 0.17 W/K/m for the PVC insulator [6]. 
Then, the losses WLosses are expressed by the 
following expression: 

  
1 load

Losses copper load

elec dclifespan

P
W R P dt

U



    (2) 

Where ηelec represents the conversion efficiency to 
transform primary energy (Fuel, Nuclear …) into 
electrical energy. In fact, the embodied energy is 
currently expressed in primary energy, and then 
losses shall be expressed in the same units. For our 
study we consider an efficiency of 0.28 related to the 
French energy mix [7]. 

 

Embodied energy evaluation 

The embodied energy is defined as the primary 
energy that was used in the work to make any 
product, bring it to market, and dispose of it. Due to 
few available LCA data we have considered only the 
extraction of raw materials and the wire 
manufacturing without the PVC extrusion around the 
conductor.  

 



Our evaluation is based on two data: 
 

 The primary energy which is necessary to 
manufacture 1 meter of 1mm² wire 
including raw material extraction and 
production effort: WCuWire= 12.5 kWhp/kg 0 

 The primary energy which is necessary to 
produce 1 kg of PVC: WPVC= 16.5 kWhp/kg 
[9] 

 
However, we need to find a model of the PVC 

section according to the copper one. This model is 
based on standard [10] which defines the insulating 
thickness for 450/750V rated voltage wire related to 
the conductor section. Fig. 5 present the data 
extracted from standard and the model taken into 
account for our study. 

 

 
 

Fig. 5 : Insulator section versus Conductor section 
according to [10] 

Then for a given conductor section ACu, the 
insulator section APVC will be evaluated and 
multiplied by the cable length LCable related to the 
wiring map. Finally, the embodied energy WEmbodied 
will be estimated by the following expressions: 
 

 
Cu Cu Cu Cable

PVC PVC PVC Cu Cable

Embodied Cu CuWire PVC PVC
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W M W M W





  

  

   

 (3) 

 

3.3. Optimization constraints 
Temperature 

The temperature constraint is related to material 
degradation. According to [11], the maximum PVC 
temperature to perform a wire life span of 30 years is 
70°C. The maximum PVC temperature is presented 
at the interface between insulator and conductor. 
Then, we have chosen to exclude all conductor 
section which induces a copper temperature beyond 
70°C. 

 

Voltage losses 

Standard [12] give some recommendations about 
maximum voltage losses related to appliances: 3% 
for lighting appliances and 5% for the others. Our 
voltage constraints are based on these rules. 

 
 

3.4. Case studies 
We chose to consider two appliances in the 

commercial and residential building power range. 
 
Wiring between a feeder and an electrical vehicle 

We propose to consider a 1 meter line dedicated 
to the charging of an electric vehicle battery. The 
maximum power charge is 3.3 kW. The electric 
vehicle is assumed to have a 20 km/day use, which 
is approximately the French median commuting 
distance [13], and a 160 Wh/km energy consumption 
(based on manufacturer information). The load 
profile is based on measures realized at INES on a 
Peugeot 106 electric vehicle and shown Fig. 6. This 
profile is composed of a first phase which really 
brings the required energy, and a second phase for 
the battery equalization. 

 

 
Fig. 6 : Daily electrical vehicle charging profile for a 

20 km day trip with a 160Wh/km consumption.  

The simulated profile is defined on this one-day 
time basis profile repeated five days a week and 48 
weeks a year over twenty years corresponding to a 
commuting use. Then, the total energy flowing in the 
cable is approximately 18 MWh. 

 

Lighting circuit 

 
Fig. 7 : Geometric lighting circuit parameters  

We propose to consider a lighting circuit composed 
of four 20 W compact fluorescent lamps. The circuit 
and its dimensions are presented Fig. 7. For each 
bulb, we assume the same daily load profile, shown 
in Fig. 8, for all the days of the simulation. This profile 
is a typical one for a small flat made of a bedroom, a 
bathroom, a lounge and a kitchen. The simulated  

 



profile is defined on this one-day time basis profile 
repeated each day and each month over 20 years. 
Then, the total energy flowing in the circuit is 
approximately 1 MWh. Compared with the first 
application, this case study allows to consider the 
constraints due to the consumption simultaneity on a 
same part of the distribution scheme. All the lighting 
circuit parts will have the same section. 

 
Fig. 8 : Daily power profile 

4. Results 

4.1. Optimization at given voltage level 
First look at Fig. 9 which represents the GER, the 

embodied energy and the losses in use versus 
conductor section at 230 VDC for the charging 
electric vehicle case study. We remark the existence 
of a unique minimum. For a conductor section 
smaller than the optimum one, the losses are 
preponderant compared with the embodied energy, 
then the GER curve looks like a current “losses 
versus conductor section” curve and is in inverse 
proportion to the conductor section. However, for 
bigger conductor section, the embodied energy 
becomes preponderant then the GER curve 
becomes directly proportional to conductor section. 
We could also remark that the GER shape is really 
smooth around the optimal section, i.e. we could 
choose a smaller conductor section without an 
important GER variation in order to reduce the 
quantity of materials. The quantity of materials could 
be an additional criterion to take into account for 
completing this study. In this case, we should solve a 
multi objective optimization as it is proposed in [14] 
for a single-phase induction motor. 

 

 
Fig. 9 : GER, embodied energy and losses versus 

conductor section at 230VDC for the charging 
electric vehicle case study: 1 and 2 meters cable 

length  

Now, compare the two GER curves. We can point 
out that the optimum conductor section is the same 
independently of cable length. Moreover, it’s 
important to notice that this study realized for DC 
distribution scheme is viable for AC distribution 
scheme with a power factor equal to one, and could 
be easily extended to different power factors. 

 

4.2. Comparison between optimized wiring 
and standard wiring  

We now propose to compare the GER-optimized 
conductor section with the standard ones given in 
[12] for a 230V voltage level. 

 
For the electric vehicle charging appliance, the 

standardized section is 2.5 mm² because the 
maximum power level is smaller than 3.6 kW. We 
also evaluate the GER of a 1 meter 2.5 mm² 
conductor section wire subject to the electric vehicle 
case study. According to the optimization process 
the optimal conductor section is 21mm² with a GER 
of 11 kWhp whereas the 2.5 mm² standardized 
section GER is of 64 kWhp. Since the standardized 
conductor section is smaller than the optimized one, 
the loss weight is then bigger than the embodied 
energy one in the GER. In other words, this wiring is 
under-sized according to the GER criteria. We are 
aware that 21 mm² represent a very important 
conductor section according to current standards. 
However, we don’t take the whole life cycle, and into 
account then, the optimal section could be smaller if 
all the steps were included. In all cases, we could set 
a conductor section bigger than 2.5 mm² usual 
standards for supplying electrical vehicle (for 
instance 6 mm² like oven dedicated wiring) to 
improve the wiring GER without spending too much 
raw materials. 

 
For the lighting circuit appliance, the standardized 

section is 1.5 mm². We also evaluate the GER of a 
1.5 mm² conductor section circuit subject to the 
lightning case study. According to the optimization 
process the optimal conductor section is 0.6 mm² 
with a GER of 1.5 kWhp whereas the 1.5 mm² 
standardized section GER is of 2 kWhp. Since the 
standardized conductor section is bigger than the 
optimized one, the loss weight is then smaller than 
the embodied energy one in the GER. In other words, 
this wiring is over sizing according to the GER 
criteria. The standard [10] is based on lighting circuit 
made with incandescent bulbs, whereas they are 
replaced by more energy efficient bulbs (considered 
in this study). Our study shows that the lighting 
circuit conductor section could also be reduced in 
the future.  

 
Fig. 10 shows the evolution of the optimal 

conductor section and the associated GER, for each 
case study, with the voltage level. It points out that 
bigger the voltage level is, smaller the GER is. Then, 
from the wiring point of view, the high voltage DC 
distribution scheme is greater according to the GER 
criteria. However, higher the voltage level is, more 



important the protection devices are. More studies 
need to be performed to affirm this trend. 

 

 
Fig. 10 : Optimal section and associated GER versus 
voltage level: electric vehicle case study (top) and 

lighting case study (bottom) 

 

4.3. Sensitivity study 
As we have presented sooner, the life span, the 

LCA data and the consumption profile could be 
different from one study to another. Consequently, 
we also realize a sensitivity study for these 
parameters. 

 
Life span sensitivity 

The life span assumption has been chosen 
according to an estimation of a building renovation 
every 20 years. However we do not have any study 
to confirm this assumption. In a first time, we look at 
the influence of the life span estimation on the 
optimal section for the supplying of an electric car. 
We plot the graph presenting the optimal conductor 
section versus voltage level for a +/-20% life span 
variation around 20 years (Fig. 11). 

 

 
Fig. 11: Effect of life span estimation on optimal 
conductor section: charging electric vehicle case 

study 

First, we can remark that the effect of life span is 
independent from the voltage level. Then, a life span 
increase induces an increase of optimal conductor 
section. In fact, a life span increase corresponds to a 
loss increase due to a bigger energy transfer; the 
section can also be bigger to reduce these losses. In 
the Fig. 11 case study, a +-20% life span variation 
produces a +-10% optimal conductor section. But, as 
we remark on Fig. 9, the GER variation is very 
smooth around the optimal conductor section, which 
explains why this potential error is not so important. 

Now, look at the impact of an error of wiring life 
span estimation, on the GER. We also determine the 
optimal section for a 20 years life span and evaluate 
the GER for this wire used during other life span in a 
230V distribution scheme (blue curve). Fig. 12 
presents the results of this study. In this case study, 
an error of +/-20% on the life span induces a GER 
variation of +-10%. However, by comparing the GER 
obtained in the real life span with the real life span 
optimized one, we can conclude that the difference 
between the two GER is minimal for a +/-20% life 
span estimation error. In other word, the variability of 
life span around the average value doesn’t induce 
significant change on the optimal wiring area. 

 

 
Fig. 12 : Consequence of a bad estimation of life 

span on the GER (blue curve) and comparison with 
the optimized one (red curve) for the charging 

electric car case study. 

 

LCA data sensitivity 

As we explain sooner, all the life cycle steps are 
not taken into account. This may change the optimal 
conductor sector. Moreover, LCA data depend on 
local and technological conditions. Then we 
compare the different optimal conductor sections 
according to a +/-20% variation of WCuWire in the 
charging electrical vehicle case study (Fig. 13). 

 

 
Fig. 13 : Impact of the copper embodied energy on 

the optimal conductor section for the charging 
electric car case study. 

Like in the life span sensitivity study, the impact is 
independent of the voltage level; however, in this 
case, the GER variation is opposed to the copper 
embodied energy one. In fact, the wiring embodied 
energy is directly linked to the copper embodied 
energy. Then, the wire section should be reduced to 
reach the optimum. In this case study, the optimal 



conductor variation due to copper embodied 
variation is similar to the variation due the life span 
variation: a +/- 20% variation induces a +/- 10% GER 
variation. 

 
Consumption profile sensitivity 

In this part, we will quantify the impact of the 
simultaneity in the lighting case study and the impact 
of the maximum power level on the optimal 
conductor section for supplying an electric vehicle. 

 
The impact of simultaneity will be assessed 

comparing two lighting case study: one with the Fig. 
8 power profile and the other with the Fig. 14 
one-day base power profile at 230 Vdc. These 
profiles are built concentrating the consumption at 
the beginning of the day. 

 

 
Fig. 14 : Simultaneous lighting power profile 

According to the optimization process, the optimal 
conductor section for the Fig. 14 day profile is 0.65 
mm² with a GER of 1.65 kWhp whereas the former 
study concluded to an optimal conductor section of 
0.6 mm² with a GER of 1.5 kWhp. This study points 
out that the consumption repartition may play a role 
in the determination of the optimal conductor section. 
In fact, the consumption superposition inside several 
circuit parts increases losses and consequently the 
optimal conductor section too. But this effect is 
independent of the designer will. 

 

 
Fig. 15 :3.3kW and 2.2kW charging 20 km 
commuting electric vehicle power profile 

Now look at the effect of maximum power level in 
the charging electric vehicle case study. We will then 
compare two charging profile needed to bring the 
energy for a 20 km commuting at 230 Vdc: one with 
a 3.3 kW maximum power level and another with a 
2.2kW one, as shown Fig. 15 

According to the optimization process the optimal 
conductor section for the 2.2kW charging profile is 
17 mm² with a GER of 9 kWhp whereas the former 
study resulted to a 21 mm² optimal conductor section 
with a GER of 11 kWhp. This study points out that the 
maximum power level effect is the same that the 
effect of simultaneity; however, the designer can 
have an influence on the desired power level. 

 
Sensitivity study conclusion 

In this chapter, we have shown the complexity to 
give quantitative results after an eco-design study 
due to multiple uncertainties. The first one is due to 
LCA data variation depending on manufacturing 
location and process but it could be evaluated. 
Others are due to consumer behavior (life span and 
simultaneity parameters) and are difficult to assess. 
However, they may be not always significant. Finally, 
the designer could choose this specification in order 
to reduce the distribution scheme impact for a given 
energetic need according the power level point of 
view. 

 

5. Conclusion 

In this paper, we have proposed an approach 
based on the LCA to evaluate about the pertinence 
of the DC distribution scheme. Our method 
introduces the eco-sizing of DC distribution 
scheme’s constituents according to the GER criteria. 
This paper has focused on the wiring eco-design for 
two appliances: a lighting circuit and a wiring for 
charging electric vehicle. After presenting our model 
to assess losses and embedded energy, we have 
shown the existence of a unique minimum at a given 
voltage level and the fact that bigger the voltage level 
is, smaller the GER is, (i.e. a minimum doesn’t exist 
according to voltage level). Then, we have compared 
the GER of an optimized wire with the standardized 
wire one. We concluded about the need to increase 
the conductor section in the charging electric vehicle 
case study and the need to decrease the conductor 
section in the lighting circuit case study. Finally, we 
have made a sensitivity study to evaluate the effect 
of the profile property (simultaneity and maximum 
power level) and the effect of the uncertainties 
related to LCA data and life span estimation. It is 
important to notice that, due to these uncertainties, 
an eco-design study can nowadays only give trends 
for wiring design but the smooth variation around the 
optimal conductor section allows accepting some 
tolerance about our hypothesis. Moreover, this study 
could be completed by taking the non-renewable 
resources consumption into account in a 
multi-objective optimization. 

 

Appendix 

Tableau 1: Definition of constant 

Symbol Quantity Value 

ρCu Copper density 8960 kg/m3 

ρPVC PVC density 1400 kg/m3 
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