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Abstract—This paper presents a new dynamic and stochastic decision 
supporting model for distributed generation investment planning (DGIP). 
The model is formulated as a mixed integer linear programming (MILP) 
optimization problem that simultaneously minimizes emission, operation 
and maintenance, as well as reliability costs. One of the salient features of 
the model is that it is based on a two-period planning horizon: a short-term 
planning period that requires robust decisions to be made and a medium to 
long-term one involving exploratory or flexible investment decisions. Each 
period has multiple decision stages. The operational variability introduced 
by intermittent generation sources and electricity demand are accounted 
for via probabilistic methods. To ensure computational tractability, the 
associated operational states are reduced via a clustering technique. 
Moreover, uncertainties related to emission price, demand growth and the 
unpredictability of intermittent generation sources are taken into account 
stochastically. A real-life distribution network system is used as a case 
study, and the results of our analyses generally show the efficacy of the 
proposed model. 

Keywords—Distributed generation; DG investment planning; distribution 
network systems; stochastic programming; uncertainty. 

I. NOMENCLATURE 
i) Sets and Indices 
k (Ω௞) Index (Set) for DG alternatives of the same type 
p (Ω௣) Index (Set) for DG types  
s (Ω௦) Index (Set) for scenarios 
ss (Ω௦௦) Index (Set) for substations  
t (Ω௧) Index (Set) for planning stages (t = 1, 2… T) 
w (Ω௪) Index (Set) for snapshots  
N1 DG investment pool for the first period 
N2 DG investment pool for the second period ߬ ሺΩ்ଵሻ;  ሺΩ்ଶሻ Indices (Sets) of decision stages in period T1 andߞ 

T2, respectively 
ii) Parameters ݀௦,௪,௧ Electricity demand (MW) ܴܧ௣,௞ே , ௣,௞ாܴܧ   Emission rate of new or existing generator 

(tons/MWh) ݅  Interest rate (%) ܥܫ௣,௞ே  Investment cost of DG (€) ݉݅ܮݒ݊ܫ    Maximum available budget for investment (€) ܥܯ௣,௞ே ௣,௞ாܥܯ ,   Maintenance cost of new or existing (€) ܱܥ௣,௞ே ௣,௞ாܥܱ ,   Operation cost of new or existing (€/MWh) ߙ, ,ߚ ௦,௪,௧ாெߤ ௣,௞ Lifetime of DG (years)ߟ Weights for balancing the cost terms  ߛ  Emission price (€/tons) ߨ௪ Weight associated to snapshot w ߩ௦  Probability of scenario s 

 (%) ௦௦,௦,௪,௧ Price of purchased electricity (€/MWh) ߮ DG penetration limit factorߪ

iii) Variables ݃௦௦,௦,௪,௧ௌௌ  Power purchased from upstream (grid) ݃௣,௞,௦,௪,௧ா ,݃௣,௞,௦,௪,௧ே  Power generated by existing or new generator ܥܧ௧ௌௌ Cost of purchased energy ܥܯܧ௧ா ௧ܥܵܰܧ ௧ே Emission cost of existing or new DGsܥܯܧ ,  Cost of unserved power ܥܫ௧ே Investment cost of DGs ܥܯ௧ே, ܥܯ௧ா Annual maintenance cost of new and existing DGs ܱܥ௧ே, ௧ாܥܱ  Operation cost of new and existing DGs 1ݑ௣,௞,ఛா  Indicator variable of utilization of existing 
generators in 1st period 2ݑ௣,௞,௦,఍ா  Indicator variable of utilization of existing 
generators in 2nd period ݔ௣,௞,ఛேଵ  DG investment binary variable in 1st period ݔݔ௣,௞,௦,఍ேଵ  A binary variable for possible postponement of DG 
investment to 2nd period ݕ௣,௞,௦,఍ேଶ  DG investment binary variable in 2nd period ߜ௦,௪,௧ Unserved power 

II. INTRODUCTION 
Driven by the compounded effect of several techno-economic and 

environmental factors, integrating distributed generation (DG) sources 
(in particular, renewable energy sources such as wind and solar) in 
distribution networks (DN) has been gaining a significant momentum 
since recently [1]. The increasing trend of DG integration is more likely 
to continue in the years to come due to the advent of emerging 
solutions such as the active management of distribution networks  [2], 
which are expected to facilitate smooth integration of DG’s by 
alleviating existing technical limitations.  

The share of DG energy in the overall energy mix i.e. the electricity 
demand covered by energy coming from DG (renewable energy 
sources, in particular) will gradually increase. Hence, such energy 
sources will play an important role in distribution network systems, and 
the prospect of DG investment planning (DGIP) definitely becomes 
more relevant in such systems. This is because tapping energy 
resources (wind, solar, hydro, geothermal, etc.) available in close 
proximity to traditional consumers is inevitable not only to meet an 
increasing demand for electricity but also to fulfill environmental 
constraints and renewable energy source (RES) integration targets set 
forth either globally or locally through Government initiatives. 

However, the power generated from some of the DG sources (for 
example, the renewable energy sources such as solar and wind) is 
subject to variability and uncertainty.  



As a result, integrating such resources in power systems introduces 
a significant operational variability and uncertainty. Besides, there are 
several other parameters subject to high-level uncertainty. The 
combination of all these relevant issues makes the operation and the 
planning process of distribution systems more complex. In order to 
overcome this complexity, and hence, support the decision-making 
process in realizing an optimal integration of DG, effective methods 
and tools need to be developed.  

This paper presents a new dynamic and stochastic DGIP model to 
support the aforementioned decision-making process. The model is 
formulated as a mixed integer linear programming (MILP) 
optimization problem that simultaneously minimizes emission, 
operation and maintenance as well as reliability costs. One of the 
salient features of the model is that it is based on a two-period planning 
horizon. The first one is characterized by robust short-term investment 
decisions made in the face of uncertainty while the second one involves 
exploratory or flexible investment decisions to be made depending on 
the scenario unveiled in a medium to long-term time span. Each period 
has multiple decision stages. The operational variability introduced by 
intermittent generation sources and electricity demand are accounted 
for via probabilistic methods. To ensure computational tractability, the 
associated operational states are reduced via a clustering technique. 
Moreover, uncertainties related to emission price, demand growth and 
the unpredictability of intermittent generation sources are taken into 
consideration stochastically. 

III. LITERATURE REVIEW 
Distribution network systems are expected to undergo broad-range 

transformations in the near future so that current limitations of 
integrating DG (especially renewables) are effectively addressed. As a 
result, the highly needed benefits of DGs, extensively discussed in [3], 
can be optimally exploited. In this regard, previous works on 
investment planning of DG in distribution networks, such as [4] and 
[5], highlight the multi-faceted  benefits of DGIP. In particular, the 
latter work demonstrate that “investment in DG is an attractive 
distribution planning option for adding flexibility to an expansion plan, 
mainly by deferring network reinforcements”. Other wide-range 
benefits of DG have been extensively discussed in [6]–[10]. In fact, the 
integration of DG in distribution systems also has some challenges 
[11]–[13]. For example, if DG’s are not properly planned and 
operated, they can pose technical problems in the system. However, 
these are expected to be adequately mitigated in active DN [5]. 

From a modeling perspective, DGIP in previous works is carried 
out either jointly with distribution network expansion planning [14]–
[20] or independently [4], [5], [21], [22].  

Either way, the decision variables of the optimization encompass 
the type of DG, its capacity and location, as well as the time of 
investment when a dynamic planning scheme is adopted as in [4], 
[14], [15], [18]–[22].  

Since DG includes intermittent energy sources, the planning model 
should adequately take account of the uncertainty and the variability of 
such sources, including that of the electricity demand. In this respect, 
uncertainties in load [4], [5], [14], [15], [18]–[21], electricity price 
[4], [5], [14], [15], [21], wind power output [15], [21], solar power 
output [21], fuel price [21], demand growth [4], [5], and failures in 
DG [16] are among several sources of uncertainties, which have been 
given attention in the literature related to distribution planning works.  

As it can be observed, dealing with the variability, but not the 
uncertainty, pertaining to electricity demand seems to be considered in 
the literature, often by dividing the hourly load duration curve for a 
year into 3 to 5 demand levels, while the others are largely ignored or 
represented in an overly simplified manner. 

IV. PROBLEM FORMULATION 
The work here focuses on the formulation a DGIP model 

considering the variability and the uncertainty of the most relevant 
model parameters. This model is then used as a decision-supporting 
tool in the optimal integration of DG in distribution network systems. 
In addition to the variability and uncertainty management issues, the 
DGIP formulation involves other relevant aspects. First, the DGIP 
problem is characterized by its dynamic nature because the DGIP 
solution has to include when DG investments are needed. Second, 
concerning the planning horizon and the decision stages, a more 
realistic approach is to formulate the problem with multiple decision 
stages (i.e. a multi-year decision framework) while accounting for all 
possible future scenarios. Here, to ensure tractability, the numbers of 
stages and scenarios have to be limited.  

In this work, the DGIP problem is formulated as a multi-stage and 
multi-scenario optimization model within a two-window (period) 
planning framework. The first window is characterized by robust short-
term investment decisions made in the face of uncertainty while the 
second one involves scenario-dependent decisions, which can be 
alternatively understood as exploratory or flexible investment decisions 
in a medium to long-term time span. Each period has multiple decision 
stages. Note that the modeling framework here assumes that there are n 
probable future storylines (or scenarios) each associated with a 
probability of realization ߩ௦ that stochastically represents relevant 
sources of uncertainties. 

A. Objective Function 
The objective function of the DGIP model formulated in this paper 

is to minimize the weighted sum of net present value (NPV) of three 
cost terms as in (1). The first term in (1) represents the NPV of total 
investment costs of DGs, which constitute conventional and various 
renewable energy sources, under the assumption of perpetual planning 
horizon [23]. In other words, “the investment cost is amortized in 
annual installments throughout the lifetime of the installed DG”, as is 
done in [15].  

The second term corresponds to the sum of the NPV of (i) 
operation, maintenance and reliability (OMR) costs throughout the 
planning horizon, and (ii) the OMR costs incurred after the last 
planning stage. Note that the costs in (ii) rely on the OMR costs of the 
last planning stage, and a perpetual planning horizon is assumed when 
spreading these costs after the last planning stage [15]. The last term in 
(1) corresponds to the sum of the NPV emission costs in the system, 
and those incurred after the last planning stage under the same 
assumptions as in the case of OMR costs. Note that the three weights in 
(1) (i.e. ߚ ,ߙ and ߛ) are all assumed to be 1, but depending on the 
degrees of relevance of the cost components in the objective function, 
different weights may be considered. 

The NPV of total costs is then given by the sum of amortized 
investment costs in DGs, constituting conventional and various 
renewable energy sources (2), expected maintenance and operation cost 
of candidate DGs as in Eqs. (3) and (5), expected maintenance and 
operation cost of existing DGs as in Eqs. (4) and (6), as well as the 
expected cost of reliability which is captured by penalizing any 
unserved power as in (7). In addition, the expected cost of emission and 
energy purchased from the grid are also included in the objective 
function as can be seen in Eqs. (8)—(10). 

Eq. (2) represents the total investment costs weighted by the capital 

recovery factor, ௜ሺଵା௜ሻആ೛,ೖሺଵା௜ሻആ೛,ೖିଵ. Note that ݔ௣,௞,଴ே is defined to be zero, and 
the formulation in (2) ensures that the investment cost of each DG is 
considered only once in the summation. Eqs. (3) and (4) stand for the 
annual maintenance costs of candidate and existing DGs, respectively. 



These cost terms are multiplied by the corresponding binary variables 
to determine whether each DG is being utilized or not. Note that the 
binary investment variable is also used for this purpose in the case of 
candidate DGs. The operation costs, given by (5) and (6) for candidate 
and existing DGs, respectively, depend on the amount of power 
generated for each scenario, snapshot, stage and DG type. Therefore, 
they are weighted by the probabilities of scenarios, resulting in the 
expected cost of operation. Similarly, Eq. (7) gives the expected cost of 
unserved energy. Eqs. (8) and (9) represent the expected emission costs 
of candidate and existing generators, respectively. The expected cost of 
energy purchased from upstream (i.e. from grid), is also given by (10). ܥܶ ݁ݖ݅݉݅݊݅ܯൌ ߙ ෍ ሺ1 ൅ ݅ሻି௧݅௧ఢΩ೟ ௧ேᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥே௉௏ ௢௙ ௜௡௩௘௦௧௠௘௡௧ ௖௢௦௧൅ܥܫ ߚ ෍ሺ1 ൅ ݅ሻି௧௧ఢΩ೟  ሺܥܯ௧ே ൅ ௧ாܥܯ ൅ ௧ேܥܱ ൅ ௧ாܥܱ ൅ ௧ௌௌܥܧ ൅ ௧ሻᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥே௉௏ ௢௙ ௢௣௘௥௔௧௜௢௡,   ௠௔௜௡௧௘௡௔௡௖௘ ௔௡ௗ ௥௘௟௜௔௕௜௟௜௧௬ ௖௢௦௧௦൅ܥܵܰܧ ߚ ሺ1 ൅ ݅ሻି்݅ ሺܥܯே் ൅ ா்ܥܯ ൅ ே்ܥܱ ൅ ா்ܥܱ ൅ ௌ்ௌܥܧ ൅ ሻᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥௌ௣௥௘௔ௗ௜௡௚ ௢௣௘௥௔௧௜௢௡,   ௠௔௜௡௧௘௡௔௡௖௘ ௔௡ௗ ௥௘௟௜௔௕௜௟௜௧௬ ௖௢௦௧௦ ൅்ܥܵܰܧ ෍ሺ1 ߛ ൅ ݅ሻି௧௧ఢΩ೟  ሺܥܯܧ௧ே ൅ ௧ாሻᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥே௉௏ ௢௙ ௘௠௜௦௦௜௢௡ ௖௢௦௧௦൅ܥܯܧ ሺ1 ߛ  ൅ ݅ሻି்݅ ሺܥܯܧே் ൅ ா்ሻᇣᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇥௌ௣௥௘௔ௗ௜௡௚ ௘௠௜௦௦௜௢௡ ௖௢௦௧௦ܥܯܧ                                                                ሺ1ሻ 

௧ேܥܫ  ൌ ෍ ෍ ݅ሺ1 ൅ ݅ሻఎ೛,ೖሺ1 ൅ ݅ሻఎ೛,ೖ െ 1 ௣,௞,ఛேଵݔ௣,௞ேଵሺܥܫ െ ௣,௞,ఛିଵேଵݔ ሻ௣ఢΩ೛௞ఢΩೖ  
൅ ෍ ௦௦ఢΩೞߩ ෍ ෍ ݅ሺ1 ൅ ݅ሻఎ೛,ೖሺ1 ൅ ݅ሻఎ೛,ೖ െ 1 ௣,௞,௦,఍ேଵ௣ఢΩ೛௞ఢΩೖെݔݔ௣,௞ேଵ൫ܥܫ ௣,௞,௦,఍ିଵேଵݔݔ ൯൅ ෍ ௦௦ఢΩೞߩ ෍ ෍ ݅ሺ1 ൅ ݅ሻఎ೛,ೖሺ1 ൅ ݅ሻఎ೛,ೖ െ 1 ௣,௞,௦,఍ேଶ௣ఢΩ೛௞ఢΩೖെݕ௣,௞ேଶሺܥܫ ௣,௞,௦,఍ିଵேଶݕ ሻ                ; ߬׊  א Ω்ଵ; ߞ׊ א Ω்ଶ     ሺ2ሻ ܥܯ௧ே ൌ ෍ ෍ ௣,௞ேଵ௣ఢΩ೛௞ఢΩೖܥܯ ௣,௞,௧ேଵݔ ൅ ෍ ௦௦ఢΩೞߩ ෍ ෍ ௣,௞ேଵ௣ఢΩ೛௞ఢΩೖܥܯ ௣,௞,௦,఍ேଵݔݔ

൅ ෍ ௦௦ఢΩೞߩ ෍ ෍ ௣,௞ேଶ௣ఢΩ೛௞ఢΩೖܥܯ ௣,௞,௦,఍ேଶݕ                        ሺ3ሻ 

௧ாܥܯ ൌ ෍ ෍ ௣,௞ா௣ఢΩ೛௞ఢΩೖܥܯ 1௣,௞,ఛாݑ ൅ ෍ ௦௦ఢΩೞߩ ෍ ෍ ௣,௞ா௣ఢΩ೛௞ఢΩೖܥܯ 2௣,௞,௦,఍ாݑ   ሺ4ሻ 

௧ேܥܱ ൌ ෍ ௦ߩ ෍ 8760 כ ௪ߨ ෍ ෍ ௣,௞,௦,௪,ఛேଵܥܱ  ݃௣,௞,௦,௪,ఛேଵ௣ఢΩ೛௞ఢΩೖ௪ఢΩೢ௦ఢΩೞ ൅ ෍ ௦ߩ ෍ 8760௪ఢΩೢ௦ఢΩೞכ ௪ߨ ෍ ෍ ௣,௞,௦,௪,఍ேଶܥܱ ݃௣,௞,௦,௪,఍ேଶ௣ఢΩ೛௞ఢΩೖ                          ሺ5ሻ  
௧ாܥܱ ൌ ෍ ௦ߩ ෍ 8760 כ ௪ߨ ෍ ෍ ௣,௞,௦,௪,௧ாܥܱ ݃௣,௞,௦,௪,௧ா௣אΩ೛௞ఢΩೖ௪ఢΩೢ௦ఢΩೞ                 ሺ6ሻ 

௧ܥܵܰܧ ൌ ෍ ௦ߩ ෍ 8760 כ ௦,௪,௧௪ఢΩೢ௦ఢΩೞߜ௪߭௦,௪,௧ߨ                                  ሺ7ሻ 

௧ேܥܯܧ ൌ ෍ ௦ߩ ෍ 8760 כ ௪ߨ ෍ ෍ ௦,௪,௧ாெூ௣ఢΩ೛ߤ ௣,௞ேଵ௞ఢΩೖܴܧ ݃௣,௞,௦,௪,௧ேଵ௪ఢΩೢ௦ఢΩೞ  ൅ ෍ ௦ߩ ෍ 8760௪ఢΩೢ௦ఢΩೞכ ௪ߨ ෍ ෍ ௦,௪,఍ாெூ௣ఢΩ೛ߤ ௣,௞ேଶ௞ఢΩೖܴܧ ݃௣,௞,௦,௪,఍ேଶ                        ሺ8ሻ 

௧ாܥܯܧ ൌ ෍ ௦ߩ ෍ 8760 כ ௪ߨ ෍ ෍ ௦,௪,௧ாெூ௣ఢΩ೛ߤ ௣,௞ா௞ఢΩೖܴܧ ݃௣,௞,௦,௪,௧ா௪ఢΩೢ௦ఢΩೞ         ሺ9ሻ 

௧ௌௌܥܧ ൌ ෍ ௦ߩ ෍ 8760 כ ௪ߨ ෍ ௦௦,௦,௪,௧݃௦௦,௦,௪,௧ௌௌ௦௦Ωೞೞ௪ఢΩೢ௦ఢΩೞߪ                        ሺ10ሻ 

B. Constraints 

1) Load balance constraints: The sum of total generation and unserved 
power should be equal to the demand as in (11). ෍ ෍ ሺ݃ܧݐ,ݓ,ݏ,݇,݌௣ఢΩ೛௞ఢΩೖ ൅ 1ܰݐ,ݓ,ݏ,݇,݌݃ ሻ ൅ ෍ ෍ Ω݇߳݇݌Ω߳݌2ܰߞ,ݓ,ݏ,݇,݌݃ ൅ ෍ ൅ݏݏΩݏݏܵܵݐ,ݓ,ݏ,ݏݏ݃ ݐ,ݓ,ݏߜ  ൌ  ሺ11ሻ                                                      ݐ,ݓ,ݏ݀

2) Investment limits: The budget constraints for DG investment in 
every year  is often set, as in (12) and (13). ෍ ෍ ௞ఢΩೖ݌1௣ఢΩܰ߬,݇,݌ݔ1ሺܰ݇,݌ܥܫ െ െ1ܰ1߬,݇,݌ݔ ሻ ൑  ሺ12ሻ                                          ߬݉݅ܮݒ݊ܫ

෍ ෍ ௣,௞,௦,఍ேଶ௣ఢΩ೛௞ఢΩೖݕ௣,௞ேଵሺܥܫ െ ௣,௞,௦,఍ିଵேଶݕ ሻ ൅ ෍ ෍ ௣,௞,௦,఍ேଵ௣ఢΩ೛௞ఢΩೖെݔݔ௣,௞ேଵሺܥܫ ௣,௞,௦,఍ିଵேଵݔݔ ሻ ൑  ௦,఍                                     ሺ13ሻ݉݅ܮݒ݊ܫ

3) Generation capacity limits: The minimum and the maximum 
capacity limits of any generator should be respected at all time. Eqs. 
(14) and (15) enforce such constraints for existing DGs in the first and 
the second periods, respectively. Similarly, in the case of candidate 
DGs, (16) through (18) are included. Note that the binary variables also 
multiply the corresponding capacity limits of a given generator. This is 
to make sure the power generation variable is zero when the generator 
remains either unutilized or unselected for investment. For technical 
reasons, the power that is purchased from the transmission grid could 
have minimum and maximum limits, as in (19). 1ݑ௣,௞,ఛா ௣,௞,௦,௪,௠௜௡ாܩ ൑ ݃௣,௞,௦,௪,ఛா ൑ 1௣,௞,ఛாݑ ௣,௞,௦,௪,௠௔௫ாܩ               ሺ14ሻ 2ݑ௣,௞,఍ா ௣,௞,௦,௪,௠௜௡ாܩ ൑ ݃௣,௞,௦,௪,఍ா ൑ 2௣,௞,఍ாݑ ௣,௞,௦,௪,௠௔௫ாܩ              ሺ15ሻ ݔ௣,௞,௧ேଵ ௣,௞,௦,௪,௠௜௡ேଵܩ ൑ ݃௣,௞,௦,௪,௧ேଵ ൑ ௣,௞,௧ேଵݔ ௣,௞,௦,௪,௠௔௫ேଵܩ                    ሺ16ሻ ݔݔ௣,௞,௦,఍ேଵ ௣,௞,௦,௪,௠௜௡ேଵܩ ൑ ݃௣,௞,௦,௪,఍ேଵ ൑ ௣,௞,௦,఍ேଵݔݔ ௣,௞,௦,௪,௠௔௫ேଵܩ          ሺ17ሻ ݕ௣,௞,௦,఍ேଶ ௣,௞,௦,௪,௠௜௡ேଶܩ ൑ ݃௣,௞,௦,௪,఍ேଶ ൑ ௣,௞,௦,఍ேଶݕ ௣,௞,௦,௪,௠௔௫ேଶܩ              ሺ18ሻ ݃௦௦,௧ௌௌ,௠௜௡ ൑ ݃௦௦,௦,௪,௧ௌௌ ൑ ݃௦௦,௧ௌௌ,௠௔௫                                                     ሺ19ሻ 

4) Unserved power limit: The unserved power cannot exceed the total 
demand. Eq. (20) represents this constraint.   0 ൑ ௦,௪,௧ߜ ൑ ݀௦,ݐ,ݓ                                                                   ሺ20ሻ 
5) DG penetration level limit: Due to technical reasons, there can be a 
maximum penetration level of DGs (or, equivalently saying, the 
maximum percentage of demand covered by DGs). This is ensured by 
adding the constraints in (21). ෍ ෍ ሺ௞ఢఆೖ௣ఢఆ೛ ܧݐ,ݓ,ݏ,݇,݌݃ ൅ 1ܰݐ,ݓ,ݏ,݇,݌݃ ሻ ൅ ෍ ෍ ݌ߗ߳݌݇ߗ2݇߳ܰߞ,ݓ,ݏ,݇,݌݃ ൑  ሺ21ሻ             ݐ,ݓ,ݏ݀߮
6) Logical constraints: Normally, an investment made at stage t cannot be 
reversed or divested in the subsequent stages; hence, the asset should be 
available for utilization after the investment is made. Such condition 
can be realized using the set of constraints in (22)—(24). ݔ௣,௞,ఛேଵ ൒ െ1ܰ1߬,݇,݌ݔ   ; 1ܰߞ,݇,݌ݔ  ൌ 1ܰ1ܶ,݇,݌ݔ                                        ሺ22ሻ ݔݔ௣,௞,௦,఍ேଵ ൒ ௣,௞,௦,఍ିଵேଵݔݔ ௣,௞,௦,்ଵேଵݔݔ    ;   ൌ ௣,௞,்ଵேଵݔ                     ሺ23ሻ ݕ௣,௞,௦,఍ேଶ ൒ ௣,௞,௦,఍ିଵேଶݕ ௣,௞,௦,்ଵேଶݕ ;   ൌ 0                                      ሺ24ሻ 

V. UNCERTAINTY AND VARIABILITY IN DGIP 

A. Modeling Uncertainty and Operational Variability 
The various sources of uncertainties in DGIP are related to the 

variability and the uncertainty of operational situations.  



There are some other uncertainties mostly related to the long-term 
price, rules, regulations and policies, etc. Variability, as defined in [24], 
refers to the natural variation in time of a specific uncertain parameter; 
whereas, uncertainty refers to “the degree of precision with which the 
parameter is measured” or predicted. The sources of variability can be 
generally categorized as random and nonrandom [25]. The random 
ones are also known as high-frequency uncertainties because they 
correspond to situations that occur repeatedly, and hence, introduce 
significant operational variability in the power distribution systems. On 
the other hand, nonrandom uncertainties do not occur repeatedly or 
they are characterized by low frequency situations.  

A well-developed DGIP tool should therefore encompass a 
methodology that effectively and efficiently takes account of relevant 
sources of uncertainty and variability. Exhaustive modeling of all 
sources of uncertainty and variability may not only be computationally 
unaffordable but also inefficient. In this paper, a sufficiently large 
number of operational situations are taken to account for the variability 
introduced by various uncertain parameters such as demand and 
intermittent power sources. Then, a standard clustering technique is 
used to reduce the number of operational states so that the problem at 
hand is tractable. Here, each of the reduced operational states should 
adequately represent a group of similar operational situations; and 
hence, is assigned with a probability proportional to the number of 
operational situations in its group. 

 The unpredictable nature of renewable energy sources, demand 
growth and low-frequency uncertainties such as emission price are 
stochastically considered by enumerating an adequate number of 
scenarios.  

VI. CASE STUDY, RESULTS AND DISCUSSION 

A. Data Used for the Case Study and Assumptions 
The DGIP optimization problem is coded in GAMS 24.0 and 

solved using CPLEX 12.0. The system considered in the study is a 
distribution network of the Azores Island, which has a peak demand of 
70 MW. In this system, various DG types with capacities ranging from 
1 to 30 MW are considered as candidates for investment (see in Table 
I). The installation and maintenance cost figures of each candidate DG 
considered in the case study are depicted in Table I. The data for 
existing generators can be found in [26]. The hourly series of wind 
(WD) and solar photovoltaic (PV) power production for one year are 
obtained from various locations in the island. 

B. Scenario Definition 
In this work, 81 scenarios (storylines) are defined in connection to 

the possible evolutions of four relevant uncertain parameters over the 
planning horizon: demand growth, emission price, wind and solar PV 
power output uncertainties. Table II shows the three evolutions of 
demand growth, denoted as Low, Moderate and High, having equal 
degree of realization. Similarly, the emission price is represented by 
three equally probable storylines (scenarios), as shown in Table II. 
Three different scenarios are considered for each remaining parameters. 
Assuming all four parameters are independent, one gets 81 different 
combinations (scenarios). Note that, for the sake of simplicity, only 
CO2 emissions are considered in this study, and the emission prices 
throughout the second period are held the same as in the third stage.  

C. Case Study and Results 
Table III presents the investment outcome at each stage of each 

planning period. As it can be observed in this table, majority of the 
investments tend to be made in the beginning of each period (i.e. the 
first and the fourth stages, in particular). This phenomenon is rather 

expected, because the NPV of operation and emission costs is higher in 
the foremost stages of the planning horizon. Hence, it becomes more 
attractive to invest in the leading stages so that such costs are reduced in 
the short-run as well as in the medium/long term. In line with the 
investments made, the evolution of expected emissions over the entire 
planning horizon also follows a predictable trend. For instance, because 
of the huge investments in stage 1, the expected (average) emissions 
are significantly reduced, and a similar phenomenon can be observed in 
stage 4. Apart from these two stages, emissions tend to slightly 
increase. Such increase in emissions can be explained by the increasing 
trend of demand because, in the absence of more investments in RESs, 
the power generated by non-renewable generators should be increased 
to meet the increasing demand. However, as illustrated in Fig. 1, the 
average emissions curve remains far below that of the “do-nothing” 
scenario, where no investments are assumed to be made.  

The practicality of the proposed stochastic model can be shown by 
comparing decisions made under uncertainty and by ignoring 
uncertainty. One relevant metric here is the expected cost of ignoring 
uncertainty (ECIU), which measures the cost of making naïve 
decisions i.e. assuming that a given scenario happens with certainty. 
This metric can be alternatively understood as the value of stochastic 
solution. In the considered system, the ECIU is calculated to be 3.43 
M€, which is not negligible. For perspective, one can compare this 
value with the total NPV of investment costs in the first period in Table 
III. It can be easily observed that the ECIU amounts to more than 7% 
of this cost. Moreover, note that this value is a weighted sum of the cost 
of ignoring uncertainty (CIU) across all scenarios. Depending on which 
deterministic scenario is taken to obtain the naïve decisions, the CIU 
value varies tremendously. For some scenarios, it is about 21 M€, 
which shows that naïve/deterministic solution (i.e. decisions made by 
ignoring uncertainty) can have significant costs. In other words, this 
indicates the quality of the stochastic solution, and hence, the 
practicality of the proposed stochastic model. 

 

 

TABLE II.  DEMAND GROWTH AND EMISSION PRICE SCENARIOS 

Stages
Demand growth scenarios 

Emission price scenarios  
(€/ton of CO2) 

Low Moderate High Low Moderate High 
τ=0 0.0% 0% 0% 7 7 7 
τ=1 2.0% 5% 10% 10 35 50 
τ=2 5.0% 10% 20% 20 50 100 
τ=3 7.0% 15% 30% 30 75 150 
ζ=4 9.0% 20% 40% 30 75 150 
ζ=5 11.0% 25% 50% 30 75 150 
ζ=6 13.0% 30% 60% 30 75 150 
ζ=7 14.5% 35% 70% 30 75 150 
ζ=8 16.0% 40% 80% 30 75 150 

TABLE I.  DATA FOR CANDIDATE GENERATORS 
 Generator 

type, p 
Alternativ
e, k 

Installed 
capacity 
(MW) 

OCp,k 
(€/MWh) 

ICp,k 
(M€) 

MCp,k 
(M€) 

ERp,k    
(tons 

/MWh) 
1 Solar PV 1 1.0 40 3.00 0.06 0.0584 
2 Solar PV 2 1.5 40 3.83 0.08 0.0584 
3 Solar PV 3 2.0 40 4.55 0.09 0.0584 
4 Solar PV 4 2.5 40 5.20 0.10 0.0584 
5 Solar PV 5 3.0 40 5.80 0.12 0.0584 
6 Solar PV 6 4.0 40 6.89 0.14 0.0584 
7 Solar PV 7 6.0 40 8.79 0.17 0.0584 
8 Solar PV 8 10 40 11.94 0.24 0.0584 
9 Wind WD 1 1.0 17 2.64 0.05 0.0276 
10 Wind WD 2 2.0 17 4.00 0.08 0.0276 
11 Wind WD 3 5.0 17 6.93 0.14 0.0276 
12 Wind WD 4 10 17 10.51 0.21 0.0276 
13 CGT** CGT 1 30 145.4 27.00 0.01 0.5600 
14 Biomass BM 1 20 20 80.00 3.00 0.0900 

** Combustion gas turbine 



 
 

 
Fig.  1  Evolution of CO2 emissions over the planning stages 

VII. CONCLUSIONS 
This paper has presented a new stochastic decision-supporting tool 

for DG investment planning. The developed model features a number 
of important aspects. First, the model is formulated as a MILP 
optimization problem that simultaneously minimizes emission, 
operation, maintenance and reliability costs. Second, it accounts for the 
operational variability due to intermittent power sources and electricity 
demand via probabilistic methods. Moreover, uncertainty related to 
emission price, demand growth and the unpredictability of intermittent 
generation sources is handled via a stochastic approach. Third, it is 
based on a dynamic decision framework i.e. involving a multi-year 
decision structure. Another salient feature of the model is that it is 
based on a two-period planning framework, involving a short-term and 
a medium/long-term planning windows. This helps one to obtain robust 
short-term decisions in the face of uncertainty along with strategic (or 
flexible) decisions in the medium to long-term planning horizon. The 
developed model has been tested on a real-life DN system, and the 
results of the analyses have generally shown the effectiveness of the 
proposed model. Compared to deterministic or naïve decisions, the 
stochastic model proposed here yields better and more robust decisions.  
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TABLE III.   DG INVESTMENT DECISIONS 

Horizon Stages DG investment solution 
NPV of investment 

cost (M€) 

1st period 
τ = 1 PV7, PV8, WD1, WD2, 

WD3, WD4 47.849 

τ = 2 - 0 
τ = 3 - 0 

2nd period 

ζ = 4 PV6, PV7, PV8, WD1, 
WD2, WD3, WD4 24.315† 

ζ = 5 PV5, PV6, PV7, PV8, 
WD1, WD2, WD3 1.566† 

ζ = 6 PV4,  PV6, PV7, PV8, 
WD1, WD2 0.923† 

ζ = 7 PV4,  PV5, PV6, PV7, 
PV8, WD1, WD2 0.776† 

ζ = 8 PV3, PV4, PV5, PV6, 
PV7, PV8, WD1, WD2 0.880† 

NPV of total costs (M€) 470.415 
† Expected investment cost (weighted by the probabilities) 
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