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ABSTRACT 

An innovative distribution network expansion planning 

tool for smart distribution systems is proposed in this 

paper. The tool supports the smart grid concept by 

evaluating the value of flexibility of generation and load 

in the optimal expansion planning of the distribution 

system in addition to the traditional infrastructure and 

operating costs. Additional to the classical decision 

variables in planning like the feeders/lines to be 

replaced, the tool also considers the flexibility of load 

and generation as the decision variables in the expansion 

planning of the network. The paper illustrates the various 

features of the tool with the help of a real world 

distribution network simulation results. 

INTRODUCTION 

Distribution network expansion planning is a well-

researched topic in literature [1-11]. It involves a fine 

balance between the infrastructure cost and the operation 

cost. Traditionally, the infrastructure cost included 

investment in traditional infrastructures like transformers 

and cable whereas the operational cost included the cost 

associated with losses. However, in the presence of 

increased distributed energy resources (DERs) 

controllable loads (electric vehicles, heat pumps, etc.), 

the advantages of load and generation flexibility can be 

fully exploited to reduce the total investment cost. This 

leads to exploring the possibilities of including 

investments in information and communication 

technology (ICT) in order to control the DERs as well as 

the operational costs associated with activating the 

various flexibilities [12-13].  

METHODOLOGY 

The Smart Planning has been developed to aid grid 

planners in the development of grid expansion plans by 

simulating distribution network expansion planning. The 

Smart Planning tool does the techno-economic 

optimization of distribution grid expansion planning over 

predefined period of time, considering traditional 

investments versus ‘novel’ (e.g. ICT) infrastructure 

investment (CAPEX).  This tool is modelled with a bi-

level structure: ‘Smart Planning’(upper-level) optimizes 

investment decisions related to grid elements and ICT 

and a specific internal module called ‘Smart Operation’ 

(lower-level) optimizes the operational cost (OPEX) by 

making use of the flexibility options (e.g. load shifting, 

generation curtailment, etc.) [14]. At the heart of Smart 

Planning lies an optimization routine that gives as output 

the pareto optimal front of the CAPEX and the OPEX. 

CAPEX mainly includes the infrastructure cost including 

ICT cost whereas the OPEX includes the cost of losses & 

operational flexibility. The decision variables of the 

optimization problem are variables related to the 

investment in electrical equipment and the required 

flexibility in the network. Examples of constraints 

include restrictions on voltage drop and overvoltage, and 

loading of equipment.  

 

As outputs, the Smart Planning tool gives a selection of 

projects among a predefined list of possible projects to 

expand the grid (new overhead lines, underground cables, 

transformers, etc.) and a priority and schedule for this 

selection of projects. Also, results include simulations of 

the grid operational environment that include activation 

of flexibility profiles, voltage level profiles, power flows, 

etc. From these results, a set of future project investments 

to be considered can be derived as a reference for a grid 

expansion planner. 

CASE STUDY 

The network under study is a 10 kV network with 11 

nodes, 6 aggregated residential loads having 4 heat 

pumps and 10 PVs and 5 industrial loads directly 

connected to the 10kV network as shown in Figure 1. A 

six year expansion planning horizon with one 

representative day per year having a high positive-load is 

chosen for the study.  
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Figure 1: 11 node feeder 

 

Figure 2 shows the box plot of the nodal voltage profiles 

of the initial network for the first year of the planning 

horizon (Year 1). As can be seen from Figure 2, the 

initial network has a minimum voltage of 0.917p.u. 

(9.17kV) at the end node-3423, i.e. the last node of the 

feeder. The peak load as well as the load profiles are 

positively increasing from the initial year to the final year 

of the planning horizon; this implies that the voltage 

indices will worsen (more constraining under-voltage 

values) if no actions are taken in due time. Hence the 

objective is to plan the expansion of the network for a 6 

year horizon and get the CAPEX – OPEX pareto front 

that will respect the following voltage constraints: 0.94 

p.u (9.4kV) for under-voltage limits and 1.05 p.u. 

(10.5kV) for over-voltage limits. 

 

Figure 3 shows the location of the planned projects, i.e. 

cable replacements. These projects are triggered by 

standard replacement policies (not by load flows) Seven 

projects are identified as potential projects. From these 

projects, the tool will decide the optimal projects and 

their time (Year) of execution. In addition to selecting the 

optimal projects from among the planned projects, the 

tool also chooses the optimal flexibility activation 

options, i.e. investments in ICT and activation of 

flexibility. In this case, the load shifting flexibility is 

considered as one of the options for the tool to choose 

from in order to plan the expansion of the network. 

 

 

 
Figure 2: Node voltage profiles for the initial network 

 

 

 
Figure 3: Planned investments 
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RESULTS  

As shown in Figure 4, network simulation using Smart 

Planning results in 27 pareto optimal solutions with 

different OPEX and CAPEX indicating varied levels of 

operation costs and investments in traditional/novel 

infrastructures. Each individual in the pareto front is 

better in only one of the objectives compared to any other 

pareto-optimal individual. Each individual corresponds to 

a different plan of investment and with associated 

CAPEX and OPEX. From these 27 individuals, a specific 

attention is given to the pareto optimal solution that 

corresponds to the least TOTEX (OPEX + CAPEX) with 

load shifting included. 

 

 
Figure 4: Pareto optimal solutions of the 11 node feeder 

 

The Optimal investment that minimizes the TOTEX with 

load shifting included, calls for a total flexibility of 840 

MWh within the 6 years of planning horizon at an 

activation cost of 1 €/kWh (i.e. 1000 €/MWh). It also 

calls for a reservation of 703 kW of peak load at a 

reservation cost of 10 cents/kW (i.e. 100 €/MW). The 

associated OPEX and CAPEX to this pareto optimal 

solution are 1795k€ and 195k€, respectively. 

 

Figure 5 shows the net load before and after shifting for 

the representative day of year 1.  Understandably, the 

optimal load flexibility profile reduces the peaks and the 

valleys by shifting some loads in the peak period to non-

peak periods as shown in the Figure. 

 
Figure 5: Net load before and after shifting 

 

 

Table 1 shows the required load shifting throughout the 6 

year planning horizon. 
 

Table 1: Required load shifting over the planning horizon 

Year 

Required 

load shifting 

(MWh) 

Year 1 668.4 

Year 2 0 

Year 3 8.2 

Year 4 21.8 

Year 5 40.2 

Year 6 97.6 

 
Additionally, the optimal expansion planning calls for 

investments in cable replacements as shown in Table 2. 

   

Table 2: Traditional investments 

Project 

name 
Construction year 

project_1 Year 1 

project_2 
 

project_3 Year 1 

project_4 
 

project_5 Year 1 

project_6 
 

project_7 Year 2 

 
These in turn are the subset of the seven projects 

discussed earlier in this paper. Figure 6 pictorially shows 

the required project investments and their implementation 

year. Four out of the seven projects are identified as 

optimal projects with project 1, 3 and 5 to be 

implemented in year 1 and project 7 in year 2. The rest of 
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the projects are identified as non-optimal by the tool. The 

decrease of required load shifting from year 1 to year 2 

(see Table 1) can be explained by the implementation of 

project 7 in year 2. Indeed, thanks to this new project 

implementation, no load shifting is needed to stay within 

the voltage limits. However, from year 2 to year 6, Table 

1 shows that the required load shifting increases, which is 

due to an increase of peak load and load profiles 

throughout the planning horizon. 

 

 
Figure 6: Planned projects and optimal investment plan 

with flexibility 

CONCLUSIONS 

Due to the massive penetration of Distributed Energy 

Resources and new loads such as electric vehicles and 

heat pumps with their Demand Side Management 

potential, historical fit-and-forget approach of network 

planning for the worst case is not possible anymore due 

to the unpredictability of the future worst case scenarios. 

Moreover, it is not optimum as Demand Side 

Management can help avoiding costly grid 

reinforcements. This shows the needs of new planning 

tools such as Smart Planning tool that takes into account 

both grid reinforcements and load/generation flexibility 

sources as potential solutions to find the best investment 

plan. 

 

The results described in this paper demonstrate the 

principles and the features of the Smart Planning tool. 

Network simulation using Smart Planning results in 

pareto optimal solutions with different OPEX and 

CAPEX indicating varied level of operation costs and 

investments in traditional/novel infrastructures. These 

results show that Smart Planning tool does the techno-

economic optimization of distribution grid expansion 

planning over a predefined period of time, considering 

traditional investments versus ‘novel’ (e.g. ICT) 

infrastructure/operational investments. 

ACKNOWLEDGMENT 

This research is supported by the public service of 

Wallonia – Department of Energy and Sustainable 

Building within the framework of the GREDOR project. 

REFERENCES 

[1] T. Gönen and I. Ramirez-Rosado, "Optimal Multi-

Stage Planning of Power Distribution Systems," 

IEEE Transactions on Power Delivery, vol. 2, no. 2, 

pp. 512-519, Apr. 1987.  

[2] Y. Tang, "Power Distribution System Planning with 

Reliability Modeling and Optimization," IEEE 

Transactions on Power Systems, vol. 11, no. 1, pp. 

181-189, Feb. 1996. 

[3] E. Díaz-Dorado, J. Cidrás, and E. Míguez, 

"Application of Evolutionary Algorithms for the 

Planning of Urban Distribution Networks of 

Medium Voltage," IEEE Transactions on Power 

Systems, vol. 17, no. 3, Aug. 2002. 

[4] J. F. Gómez, et al., "Ant Colony System Algorithm 

for the Planning of Primary Distribution Circuits," 

IEEE Transactions on Power Systems, vol. 19, no. 

2, May 2004 

[5] V. Miranda, J. Ranito, and L. Proença, "Genetic 

Algorithms In Optimal Multistage Distribu-tion 

Network Planning," IEEE Transactions on Power 

Systems, vol. 9, no. 4, pp. 1927-1933, Nov. 1994. 

[6] Ramírez-Rosado and J. A. Domíngues-Navarro, 

"New Multiobjective TAbu Search Algorithm for 

Fuzzy Optimal Planning of Power Distribution 

System," IEEE Transactions on Pow-er Systems, 

vol. 21, no. 1, Feb. 2006. 

[7] V. F. Martins and C. L. T. Borges, "Active 

Distribution Network Integrated Planning 

Incorporating Distributed Generation and Load 

Response Uncertainties," IEEE Transactions on 

Power Systems, vol. 26, no. 4, Nov. 2011. 

[8] M. Sepasian et al., "A New Approach for Substation 

Expansion Planning," IEEE Transactions on Power 

Systems, vol. 21, no. 2, pp. 997-1004, May 2006. 

[9] T. Asakura, T. Genjii, T. Yura, N. Hayashi, and Y. 

Fukuyama, "Long-term distribution net-work 

expansion planning by network reconfiguration and 

generation of construction plans," IEEE 

Transactions on Power Systems, vol. 18, no. 3, pp. 

1196-2004, Aug. 2003. 



 24th International Conference on Electricity Distribution Glasgow, 12-15 June 2017 
 

Paper 1042 

 
 

CIRED 2017  5/5 

[10] E. Carrano, F. Guimarães, R. Takahashi, O. Neto, 

and F. Campelo, "Electric Distribution Network 

Expansion Under Load-Evolution Uncertainty 

Using an Immune System Inspired Algorithm," 

IEEE Transactions on Power Systems, vol. 22, no. 

2, pp. 851-861, May 2007. 

[11] J.F. Franco, M.J. Rider, M. Lavorato, R. Romero, 

"Optimal Conductor Size Selection and 

Reconductoring in Radial Distribution Systems 

Using a Mixed-Integer LP Approach", IEEE Trans. 

Power Systems. Vol. 28, 10-20.  

[12] P. Chittur Ramaswamy, et.al “Long-term planning 

of electricity distribution systems integrating 

flexibility options," International Symposium on 

Smart Electric Distribution Systems and 

Technologies (EDST) 2015, Vienna, 2015, pp. 109-

113. 

[13] P. Chittur Ramaswamy, S. Leyder, S. Rapoport, B. 

Picart, Z. De Grève, D. Vangulick, “Impact of load 

and generation flexibility on the long term planning 

of ylpic distribution network,” CIRED Workshop 

2016, Helsinki, Finland 14-15 June 2016 

[14] F.Geth et.al. “The PLANGRIDEV distribution grid 

simulation tool with EV models,” CIRED 

Workshop, Helsinki 14-15 June 2016 

 


