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Abstract

Urban Microgrid Design - Case Study of a
Neighborhood in Lisbon

João Rodrigues

Urban microgrids are smart and complex energy systems that help integrate
renewables into our cities, turning our neighborhoods into partly energy self-sufficient
hubs. Moreover, they create the space for electricity transactions between neighbors,
transforming the former consumers into prosumers.
The following work proposes the implementation of an urban microgrid to a
neighborhood in Lisbon, Portugal.
This dissertation’s objective is designing and discovering the optimal photovoltaic and
storage capacity, optimal electricity dispatch, effects of distributed energy production
in grid voltage and economic viability of such a system. With this purpose, a
comprehensive model was elaborated, considering specific site weather data, electric
loads, grid topology and utility tariffs.
The self-sufficiency of Arco do Cego was found to be 66% in this study, reducing its
carbon footprint by 61%. A detailed map of where to place each PV system and
battery bank was generated, with specific electricity dispatch strategies. Moreover,
the system was designed under real grid voltage, current and power flow constraints.
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  Scientific Summary 

Energy consumption is becoming increasingly concentrated in cities, and with the 

renewable energy technologies we have nowadays, it makes sense to start thinking 

seriously about producing the energy right where it is consumed, therefore, changing 

the former paradigm of centralization. Microgrids are complex energy systems, 

involving distributed production, storage, planning, control, operation and protection of 

various technologies. Such systems have many potential benefits, such as avoiding 

transmission losses, integrating renewables into our cities, give reliability of supply in 

case of blackout events, empower consumers to become prosumers, among others. 

However, our cities’ distribution networks are not prepared to handle substantial 

penetration of distributed generation, giving rise, among other things, to unacceptable 

voltage levels. Therefore, the bi-directional power flows created by decentralized 

production need to be carefully studied. This thesis describes the design process and 

proposes an urban microgrid model to Arco do Cego neighborhood, in Lisbon, Portugal. 

Following Lisbon’s drive to become pioneer in smart city technologies and EU green 

capital for 2020, the following paper tested the self-sufficiency potential and economic 

benefit of a photovoltaic and stationary battery storage based microgrid. 

The main results of this paper include optimal photovoltaic and battery capacity at each 

node of the microgrid, bounded by available roof space at each building and grid technical 

constraints. Also, optimal dispatch for each technology is described, along with maximum 

and minimum voltage values, observed at each node. Moreover, economic parameters 

such as payback time and annual savings (compared to a “as it is case”) and energy 

parameters such as self-sufficiency show that is possible to have simultaneously a good 

level of grid independence and a profitable investment.    

Due to the complexity of microgrid systems, the model presented in this dissertation 

tackles only a few issues. A more comprehensive cost-benefit analysis can be performed, 

including a microgrid operator, smart static switches between feeders, study the effect of 

including IST faculty inside the microgrid and even simulate a blockchain based system 

enabling energy trades among neighbors. A variety of different business models and 

ownership levels can be tested as well.    
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1. Introduction 

According to APREN (Associação Portuguesa de Energias Renováveis), Portugal had in 

2016 a total of 422 MW of solar power installed, which produced 0,78 TWh of energy. 

From January 2017 to October 2017, solar energy represented 1,6% of the total electricity 

production. Biomass, wind and hydro power represented all a bigger share in the energy 

mix. However, in 2016, 60% of the electricity produced still came from fossil fuels [1] 

(oil, coal and natural gas), which are simultaneously harmful for the environment, as we 

know, and expensive since they are imported almost in totality. 

The European Union (EU) has been pushing for a greener Europe, having set renewable 

goals for 2020. Under the scope of the project ‘Horizon 2020’, supporting schemes have 

been designed to help individual governments formulate their own national action plans. 

In the Portuguese case, the goal is to have 31% of the final energy consumed, 60% of the 

electricity production and 10% of the energy consumed in transportation, all coming from 

Renewable Energy Sources (RES) [2]. 

Wind power experienced a significant increase in installed capacity, during the last 

decade. Today, solar energy is gaining traction, driven by considerably lower prices and 

higher efficiencies than ever before. Several big scale projects of Photovoltaic (PV) parks, 

with a combined capacity of 521 MW, have been approved by the government, for the 

upcoming years. 

However, besides having a strong, renewable based, centralized energy production, 

decentralization will play a vital role in our future. Energy consumption is becoming 

increasingly concentrated in cities. They are home to almost 80% of the European 

population and consume 75% of the total energy demand [3]. Thus, producing energy 

locally will not only help moving towards a greener world, but as well improve regional 

value, security of supply, reduce losses in transmission and distribution grids and give 

rise to new and more flexible storage options, in a combined effort to turn our cities 

smarter, more independent and overall more ecological. PV is a good technology for this 

end, especially due to its ability to mix in the urban landscape and its high energy 

production potential.   

Therefore, smart energy systems will operate as an integrated part of our daily life. 

Residential microgrids are one example of this kind of systems, and they will be discussed 

in detail in this dissertation. 

1.1 Research Objectives 

The fundamental objective of this dissertation is to learn how to design a microgrid, 

integrating a high share of Distributed Energy Resources (DER), in a residential context 

in the city of Lisbon. 
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To do so, both technological and economic parameters will be considered: 

▪ What is the optimal, on-site, PV and storage capacity, at each node of the 

microgrid? 

▪ What is the optimal electricity dispatch strategy? 

▪ What are the effects of PV and batteries on grid voltage? 

▪ What are the economic results that influence the eventual adoption of this system? 

The main contribution of this thesis is to give to an already known energy system, the 

microgrid, a renewed function, under all the constraints of an urban environment 

(specifically the city of Lisbon) as a mean to achieve a smarter grid and a smarter city. 

The study target will be the neighbourhood Arco do Cego, situated close to the Faculty 

“Instituto Superior Técnico” (IST).  

1.2 Overview of the Thesis 

Following the introductory chapter, chapter 2 gives a background overview of microgrid 

design related literature, microgrid theory and the outlines of the software, used in this 

thesis. 

In chapter 3 one can find the fundamentals of the optimization model, with explanation 

on concepts and mathematical formulation, used by DER-CAM. 

Consecutively, chapter 4 introduces the case-study with specific site information and 

characteristics. Afterwards, chapter 5 explains the methodology in detail, mentioning also 

the limitations and assumptions. 

In chapter 6 and 7, one can find the results answering the research questions and the 

sensitivity analysis, respectively. The sensitivity analysis tests the economic and 

environmental behaviour of the system for different consumption/production patterns, 

different discount rates and increased load.  

Finally, in chapter 8 some conclusions are made with suggestions for future works. 
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2. Background 

This chapter firstly presents the papers that inspired and guided the work done in this 

dissertation. Secondly, the general technical background related to microgrids is 

presented, followed by a concrete example of an urban microgrid. Lastly, an overview of 

the software is presented, including its financial parameters. 

2.1 Microgrids 

Several definitions of ‘Microgrid’ can be found in the Literature. The U.S. Department 

of Energy defines it as: 

“A microgrid is a group of interconnected loads and distributed energy resources within clearly 
defined electrical boundaries that acts as a single controllable entity with respect to the grid. A 
microgrid can connect and disconnect from the grid to enable it to operate in both grid-connected or 
island mode.” 

 

These energy systems are not new to us. The Navigant Research Institute released a report 

recently [4], tracking the number of microgrid projects (in proposed, under development 

or deployed stages) around the world to a total of 2134 with a combined installed capacity 

of 25 GW. 

Microgrids have been primarily used to power remote areas, with difficult access to 

electricity, ranging from remote villages and islands to military basis. Also, important 

facilities such as hospitals use the system to provide security and reliability of supply. 

Universities, research institutes and industrial sites have also followed, creating their own 

energy systems, to function as a backup or complement to the utility grid. 

Microgrid technology has proven its use in several real-life situations. For example, in 

Japan, during the 2011 great earthquake, both Sendai and Roppongi Hill’s microgrids 

performed exceptionally in continuing to provide electricity to the Tohuku Fukushi 

University campus and Roppongi Hill development respectively [5]. 

However, microgrids can represent much more than just reliability. They can be used to 

integrate RES, power pooling1 with flexible storage, smart grid technologies and empower 

the common citizen to become a prosumer. 

Test beds of this concept have been taking form around the world. In Brooklyn, New 

York, an initiative involving the companies Siemens and LO3 Energy, the Brooklyn 

community and the U.S Department of Energy, connected already 50 houses with an 

installed PV capacity of 1,25 MW, making possible for neighbours to produce their own 

                                                             
1 Power pooling is used to balance electrical load over a larger network. 
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electricity, and sell it with blockchain technology2 among each other. The paradigm of a 

centralized distribution and production system is therefore changing. 

2.1.1 Components 

There are a set of components that together form the microgrid. Microgrids can be very 

complex systems due to the amount of different technologies involved, control and 

protection features, as well as communication and metering. In this section a 

comprehensive overview is presented of the physical parts of the system itself. 

▪ Generation: Normally classified into dispatchable and non-dispatchable. 

Dispatchable technologies are the ones that can be turned on or off by the 

microgrid operator. These are combustion engines (biomass, diesel and gas), fuel 

cells, Combined Heat and Power, micro turbines and small hydro. The non-

dispatchable do not have the same freedom of control, and are composed by solar 

energy (thermal and PV) and small wind turbines [6]. 

 

▪ Storage: For storage options one has systems that store electricity directly as 

electrical charges, like capacitors and super capacitors; And systems that store 

electricity into other forms of energy, which is the case of flywheels (kinetic 

energy), small pumped-hydro and compressed air energy storage (potential 

energy) and batteries and fuel cells (chemical energy). One can see in more detail 

their technical specifications in Table 1. 

Table 1 – Technical specifications of different storage technologies compiled from 

[7],[8].  

Storage 

Tech. 
Type 

Power 

Density 

(W/kg) 

Energy 

Density 

(Wh/kg) 

Discharge 

Duration 

Capital 

Cost 

($/kW) 

Lifetime 

(years) 

Super-Cap 

Capacitors 

DC 

DC 

500-5000+ 

        -   

0.05-30 

0.05-5 

s 

- 

100-300 

250 

20+ 

5 

Flywheels AC 400-1600 5-130 s-15 min 250-350 15-20 

PHES AC  0.1-1.5 10h-100h 600-2000 40-100 

CAES AC  30-60 2h-100h 400-800 20-100 

Li-Ion DC 100-5000 75-250 0.1h-5h 1200-4000 5-20 

Lead-Acid 

Fuel Cells 

DC 

DC 

75-300 

5-5000 

30-50 

600-1200 

h 

s-24h+ 

300-600 

10000+ 

5-15 

5-15 

 

▪ Loads: Load types can be firstly divided into critical and deferrable. Critical loads 

have priority under any stress circumstances and are often not subjected to energy 

management strategies. Deferrable loads can be adjusted for microgrid load 

                                                             
2 Blockchain technology is a method for safe, decentralised, monetary exchanges.  
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balancing or for other motivations [9]. Secondly, one can classify loads as being 

AC or DC. This classification is important when choosing how to distribute the 

energy along the feeder. 

 

▪ Converters and Inverters: Depending on the distribution type, i.e. AC or DC, there 

are several interfaces that must operate, connecting the different DER and loads 

to the common bus. However, AC loads in an AC bus and DC loads in a DC bus 

may eliminate the converter phase [10]. In case of a DC common bus, the 

connection with the main grid, which is AC, needs an interface as well. 

 

▪ Distribution Feeders: Frequently, the distribution feeders have a radial, meshed or 

looped configuration and can also be designed for either AC or DC distribution. 

By contrast with the normal LV distribution grid in cities, distribution feeders in 

microgrids need to accommodate efficiently bi-directional power flows, to 

withstand a high penetration of distributed generation. Also, challenges of 

operation arise from increased load levels, coming from batteries, EV’s, etc. 

Moreover, microgrids should have a level of redundancy high enough, with 

automated system breakers and switches, to optimize power flows in the cables, 

and increase the reliability of the system to external threats [11].    

 

▪ PCC (Point of common coupling): The interconnection between the microgrid and 

the utility grid is made at the PCC. This is the physical place where a microgrid 

connects or disconnects from the main grid. Three main types of switchgears are 

used: circuit breakers, contactors and switches. Recent research in microgrids tests 

the use of static switches with fast response and digital signal processors [8]. 

2.1.2 Architecture 

Microgrid architectures are generally divided into three groups: AC, DC or Hybrid [12]. 

Choosing carefully the type of architecture can have determinant effects on the economic 

viability of the project [13]. 

The most commonly used structure is the AC [14]. This might be expected since AC 

systems have been the focus of studies for decades now. However, DC systems are 

gaining a lot of interest. The motivation behind such interest is that, DC systems have the 

potential to offer significant efficiency, cost, reliability and safety benefits compared to 

conventional AC systems [15]. 

AC microgrids are composed by one or more AC buses, and every device must be 

connected to the microgrid by means of an AC interface. In this architecture, coupling 

with the main grid does not need converting interfaces, and power can be delivered at 

normal voltage and frequency standards. It is also stated in [13] that existing electrical 

grids can be easily converted into AC microgrids. The main drawback of this architecture, 

and what might give momentum to DC technologies, is the large amount of power 



2. Background  6 

 

electronic interfaces, frequency and phase synchronization and reactive power control. A 

scheme of a typical AC microgrid can be seen in Figure 1. 

     
Figure 1 - AC microgrid architecture. Source: [13]. 

DC microgrids on the other hand do not require as much power electronic interfaces. 

However, one of the first differences is the need of converting and inverting interfaces 

between the main grid and the microgrid. The DC bus functions with a regulated voltage. 

Equivalently to the AC architecture, when connecting to the DC bus, AC loads and 

generators need power electronic interfaces. Ref. [13] states the common types of DC 

microgrids: monopolar, bipolar and homopolar, which have similar architectures to the 

one shown in Figure 2 and vary in classification according to the bus structure. 

Nevertheless, this type of architecture is still somewhat immature. Technologies are still 

under development, thus being more expensive; it requires a new cabling installation, 

being impossible to use by the existing AC network service; and, most of the facilities 

that consume energy today, especially households, are prepared to receive AC current. 

That is why this kind of architecture is most appealing for sites where DC loads are 

predominant, like data-centers. 

 

Figure 2 - DC microgrid architecture. Source: [12]. 
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Lastly, there are the hybrid AC-DC microgrids, which consist of an AC microgrid with a 

DC sub-grid, interconnected by a bidirectional AC/DC converter [13]. This architecture 

can take advantage of both positive features of each singular technology, but they are 

much more complex and costly. The design is critical for an advantageous use of an 

hybrid structure. Ref. [16] suggests a new hybrid microgrid with multiple AC and DC sub 

grids, with various rated AC frequencies and DC voltages, for increased coordination and 

efficiency. 

Comparison between AC and DC architectures can be extensive and it is presented in 

literature in many different perspectives. Table 2 summarizes some of the important 

points to consider for both technologies. 

Table 2 -  Comparison between AC and DC technologies. Source: [8],[17]. 

 AC DC 

Conversion efficiency 

 

Low: Multiple conversion 

interfaces. 

High: Less conversion 

stages 

Cost 

 

Higher conversion stages. 

Higher costs in insulators 

and conductors. 

Higher thermal constraints, 

immature and expensive 

technology. 

Distribution efficiency 

Lower: reactive power, 

which needs compensation. 

Skin effect and dielectric 

losses. 

Higher than in AC. 

Controllability 

Difficult: Voltage and 

frequency control, phase 

synchronization, reactive 

power compensation.  

Only voltage control. 

Protection 

Mature arching technique 

with cost-effective circuit 

breakers. 

High-cost circuit breaker 

with immature equipment. 

PCC Easier and less expensive More interfaces 

 

2.1.3 Control, Protection and Operation 

Since a microgrid is a complex system, with many variables involved, control, protection 

and operation strategies must be in place so that everything runs smoothly. 

There are two ways in which a microgrid can operate: the islanded mode and grid-

connected mode. These two modes require some control strategies and structures that 

differ according to the system’s architecture. However, technical control targets are only 

half of the problem. The other half is motivated by economic purposes, ensuring an 

optimal operation of the system. The main goals of the microgrid control are the following 

[18]–[20]: 
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▪ Optimized economic operation of the microgrid and its components. 

▪ DER and storage dispatch and coordination. 

▪ Power flow control, between microgrid and main grid and inside microgrid, 

including shutdown, ramp-up/down and curtailment3. 

▪ Proper handling of transient response and restoration of desired conditions when 

switching between modes. 

▪ Assure that all thermal and electrical loads are met in a balanced way, coordinating 

supply and demand. 

▪ Monitor all communication: SCADA4 

▪ Ensure proper operation of technical requirements always. 

▪ Manage black-out situations: black-start restoration. 

▪ Respond to utility’s demand-response requests. 

These goals are of different requirements and time scales. The responsible entity for the 

microgrid technical and economic management is the Independent System Operator 

(ISO) [21]. The DNO (Distribution Network Operator) is only responsible from the PCC 

onwards. Optimal economic performance of the microgrid comes from a coordinated 

operation between the ISO and the DMO (Distribution Market Operator). 

According to [19] there are three overall control strategies, that vary in significance due 

to their main control objective and time scales, e.g. islanding and dispatch scheduling.  

The first approach is the Hierarchical Control: Where the DNO and DMO communicate 

and operate through the MGCC (Microgrid Central Controller). The DNO is responsible 

for the MV/LV area where the microgrid is connected to; the DMO is responsible for the 

economic operation and the MGCC for the technical stability. In [22] is proposed the 

application of the IEC/ISO 62264 international standard for enterprise-control system 

integration to microgrids. 

The second approach is the Decentralized Control, which is applicable when a MGCC is 

not necessary, not fast enough or too expensive. It is usually used when there are many 

microsource operators with different economic and technical goals. Decentralized 

controls must be set at the local controllers and react to voltage levels at the inverter level. 

The third approach is the Multi-Agent-based Control: This level can be considered as an 

hybrid control strategy, where one can attribute different roles and use both centralized 

and decentralized management. E.g. centralized control for economic operation and 

decentralized control for islanding. 

Going deeper into control theory, there are at least three control levels in a microgrid 

[19],[23]: 

                                                             
3 Curtailment is an imposed reduction in a generator’s production output 
4 SCADA – Supervisory Control and Data Acquisition system 
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▪ Primary Control: It has been the main focus of research, since it is an essential 

level for a stable, technical and economic operation of the microgrid. Central 

control, droop control, master/slave and average current sharing control have been 

studied and implemented worldwide to operate parallel-connected inverters. 

Droop control technique has been gaining thrust in the scientific community due 

to the absence of critical communication links among the inverters. In [24] one 

can find a review of some of the droop control techniques. At this level, frequency, 

voltage, current, active/reactive power, DER plug-and-play capability and storage 

dispatch are controlled. This is the fastest response level.  

▪ Secondary control: Here, the main objective is to compensate for errors made in 

the primary level; mainly voltage and frequency deviations. Moreover, if storage 

capacity is reached or not available, the secondary level could help regain stability 

by activating demand-response. It is also responsible for the operation in grid-

connected or islanded mode, with the particularity of being the highest control 

level in islanded mode. 

▪ Tertiary control: This control level manages power flow in grid-connected mode, 

via the PCC. This communication with the main grid involves load forecast, 

generation forecast, and techno-economic optimization. 

In [19] and [22] it is also proposed a level zero of control, called “inner control loop”, 

that controls the individual power at each micro system (MPPT in PV systems, blade 

pitch in a wind turbine). Other important dimension in the microgrid scope is the 

protection of the system. In case of any fault, a good protection scheme will isolate the 

damaged section form the rest of the system. This can be achieved by combining both 

primary and back up protective devices, as mentioned in detail in [25]. 

In [26] key factors of microgrid protection and methods are enumerated and explained in 

detail. 

2.2 Previous Studies 

A central report for microgrid design was released by the IEEE (Institute of Electrical and 

Electronics Engineers) in 2016 named ‘Microgrid Design Considerations’ [18]. It 

describes the parameters of interest for the design process such as: Number of customers 

served; physical length of circuits; types of loads to be served; voltage levels to be used; 

feeder configuration; types of distributed energy resources; architecture; heat-recovery 

options; desired power quality and reliability levels; methods of control and protection. 

Additionally, it gives an overview of the design process, analysis approach and key 

interests – Load flow, protection analysis and dynamic studies and finally a review about 

the available software and their compared performance. In [27] it is presented a guide in 

how to perform a techno-economic assessment for a microgrid. The work-flow goes as 

following: preliminary assessment and data collection, system modeling and cost-benefit 

analysis. Compared to [18], this paper points out specifically the importance of the 

dispatch optimization when modeling the system and introduces the cost-benefit analysis. 
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In this process one should compare a base-case, i.e., the system with the current loads and 

no new technologies nor services, with an optimized microgrid according to the system’s 

marginal costs. The mentioned software for this end are either HOMER Energy or DER-

CAM. They are both techno-economic decision support tools, however, DER-CAM 

stands out for the possibility of doing power flow analysis.  

Reference [28] tackles predominantly the spatial delimitation constraint by developing a 

model for geographical urban units delimitation. The model uses statistical information 

to model consumption, and solar radiation data to model PV production. Using urban 

planning theory and concepts such as the ‘cellular automata’, they divide the 

neighborhood into cells which can be either net energy producers or consumers. With the 

help of ArcGIS, Rhinoceros, Grasshopper, GeCo and Autodesk Ecotec the developed 

model helps the integration of solar energy in the cities. Other papers that approach both 

urban planning and solar energy potential can be found in [29]–[32]. 

A comprehensive study in [33] gives a better idea about the feasibility of solar-powered 

urban microgrids. Here, 4683 monthly electric bills and 17 months of usage and solar 

generation data collected from 70 homes, serve to model a microgrid in Cambridge. Using 

ArcGIS, consumption and production are geolocated in parcel centroids. A k-means5 

algorithm is used to cluster spatially the parcels into microgrids, each one with around 25 

users. The distribution grid itself is modeled from scratch and afterwards optimized for 

increased resilience and congestion mitigation. This optimization is done by developing 

a rewiring scheme, adding new lines under a budget constraint. Another case is presented 

in [34], where the profitability of a residential microgrid is evaluated according to the 

number of users, ownership model, PV and battery capacity, electricity price and feed-in 

tariff. The simulations were done using GridLAB-D, GridMAT and Excel. Other example 

can be found in [35], where an autonomous microgrid for a village in Kenya is modeled 

using HOMER software. Equally interesting is a reliability-constrained microgrid design 

in [34] using General Algebraic Modelling System. 

Since one of the research questions of this dissertation is ‘What are the effects of DER, 

on grid voltage’ for a city context, several papers related to PV penetration6 were studied. 

Reference [36] states that the key factors which determine how much PV a feeder can 

accommodate are: PV capacity, location of panels, feeder characteristics, solar resources 

in the area and PV control. On the other hand, the key requirements to determine the 

hosting capacity include additionally voltage and short-circuit response and accurate 

feeder models. A case study made for the city of Zurich can be found in [37]. It mentions 

that high PV penetration levels in low-voltage grids can lead to unacceptable voltage rises 

and cable loadings. Results showed that penetration levels can be as low as 42% before 

violating the EN50160 standard (The standard typically used that states that the voltage 

in the network should be within ±10% of the nominal value [38]). In [39] one can find an 

                                                             
5 k-means clustering intends to partition ‘n’ observations into ‘k’ clusters in which each observation belongs to the 
cluster with the nearest mean. 
6 PV penetration levels are usually measured according to the ratio of peak PV power to peak consumption [83] 
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extensive overview of different studies, which calculate PV penetration levels and voltage 

violations for the correspondent networks. 

Finally, for a more holistic and user-orientated view of the concept, one should read [40], 

which covers the renewed role of the typical consumer in emerging electricity systems. 

2.3 Urban Microgrids 

While sections 2.1 and 2.2 gave an overview of the microgrid technologies and 

applications, this section focuses on the application of microgrids to urban areas 

specifically. 

An Urban Microgrid is an energy system capable of tackling many different problems 

that a smart city needs to face, e.g.: producing energy in the same location where it is 

consumed can avoid transmission and distribution losses. Increasing integration of DER 

is difficult and limited due to our cities’ current grid, which were designed to transport 

power downstream (from the electricity production power plants to the loads), and not 

handle bi-directional power flows. Also, urban microgrids make possible for consumers 

and prosumers to trade and share self-produced energy, instead of buying it from the 

utility. It ultimately can turn neighborhoods into renewable clusters, with a certain level 

of energy independency, reliability and flexibility. 

2.3.1 Brooklyn Microgrid – A Case Study 

In Brooklyn, New York, an urban microgrid gained life in 2016. LO3 Energy, Siemens 

Digital Grid and the community of Brooklyn came together to develop a blockchain based 

microgrid, motivated by hurricanes that often affect the city, and the ability to trade 

energy without an intermediate stakeholder. According to Belinda Steck, the Australian 

director of LO3 in Australia the project is half owned by LO3 Energy while the other half 

belongs to the local utility [41]. 

In April 2016 the first transactions among neighbors took place and in 2017 it already had 

about 50 participants. According to [42], the objective is to reach 1000 users by 2018, 

including schools, a gas station, a fire station and factory buildings, besides residential 

buildings. 

The Brooklyn microgrid is divided into two main components: The first is the virtual 

market platform – which provides the infrastructure for the local energy market. Its main 

assets are the LO3 developed blockchain and smart metering, that take care of all the 

information flow and market transactions among neighbors; The second is the physical 

microgrid – An all new set of electrical cabling (working in parallel to the utility) and the 

generation from PV panels [43]. Figure 3 depicts the structure of the Brooklyn microgrid. 
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Figure 3 - Brooklyn microgrid topology, where ‘C’ represents different control levels  

[43]. 

2.3.2 Policies and Regulations 

Even though the standard microgrid concept is not new, it is hard to place it in a specify 

regulatory framework. An even harder task is finding regulations for urban microgrid 

deployment.  

In literature one can find extensive overviews of the current directives that may apply to 

microgrids. In the European case, the directives that may be applied are the ones that 

promote the integration of renewable energy sources, energy end-use efficiency, 

electricity grid connection, cogeneration of heat, security of supply and deployment of 

smart grids for achieving an optimal utilization [43]. However, there were not specific 

policies found that govern clearly the implementation of microgrid. 

Contrarily to the EU, the US has specific regulations for microgrids, but still nothing 

strictly for Urban microgrids. Microgrid legality varies according to the ownership model. 

However, generally it comes to attaining (or not) a “Qualifying Facility” classification 

under the Public Utilities Regulatory Policy Act (PURPA). Moreover, microgrid’s limit 

number of customers varies from state to state (5 in Iowa to 25 in Minnesota) and relative 

location of generation and loads is limited to one mile [44]. 

The only documentation found for Urban microgrids was released in the beginning of 

2018, by CEPR (Energy Commission of Puerto Rico). It proposes rules and regulations, 

tackling microgrid categorization, technical requirements, requirements for small/big 

cooperative systems, municipal systems, third-party systems and bureaucratic regulatory 

issues, such as registration process, tax exemptions and judicial review [45].  
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2.4 DER-CAM +  

DER-CAM (Distributed Energy Resources Costumer Model) is a decision support 

software for optimal investment planning of DER in buildings and microgrids, developed 

by the Lawrence Berkeley National Laboratory. Moreover, it is one of the few tools of its 

kind available for public use. DER-CAM formulates the optimization problem as a mixed 

integer linear program (MILP), originally written in the General Algebraic Modelling 

System. In this type of problem formulation, a linear objective function is subjected to 

constraints, where some of the variables are constrained to be integer values, while others 

can be continuous7. To optimize DER investments, DER-CAM uses a wide range of input 

variables, as one can see in Figure 4. 

 

Figure 4 - Key Input Variables and Output Results of the DER-CAM software [46]. 

In addition to the inputs in Figure 4, more advanced versions of DER-CAM take detailed 

network models so that power flow studies can be conducted, up to a number of 20 nodes. 

This is the version used in this thesis and was the main reason why DER-CAM was 

chosen over other tools. DER-CAM’s extremely comprehensive programming made 

possible to run a complex and detailed model, keeping the project into the desired time 

constraint. 

To optimize the DER investments, DER-CAM firstly runs a base-case, following the 

workflow in Figure 5. Only afterwards it chooses the technology portfolio that minimizes 

costs and/or CO2 emissions, based on optimized hourly dispatch decisions that consider 

specific site load, site information, technology performance and network limitations [46]. 

                                                             
7 Integer variables can be for example, number of engines to buy, while continuous can be power output. 
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Figure 5 - DER-CAM Workflow [47]. 

2.4.1 Financial Parameters 

After running the base-case, one should define other very important parameters, the key 

financial parameters. These are the base-cases cost, the discount rate and the maximum 

allowed payback time for the project. 

The base-case cost represents the total annual energy cost before any new investments 

(which in this case will represent the overall cost of electricity bought over a year plus 

carbon taxation). Already present technologies should be considered in the base-case. If 

one considers the multi-objective simulation, the solution will lay between the cost 

optimal and CO2 optimal solutions. After running the base-case, DER-CAM will generate 

both the base cost and base CO2 values, which serve as input in the optimization model 

run. To ensure a valid solution, one should add 1% do the base values, before using them 

in the optimization, to ensure feasibility, since 1% is the precision of the solver [46]. 

The way DER-CAM evaluates the economic feasibility of the project is by using the 

Equivalent Annual Cost (EAC) concept. EAC is the annual cost of owning, operating and 

maintaining an asset over its entire life-time. This method is commonly used for capital 

budgeting8 decisions, as it allows to study complex investments with assets with distinct 

lifespans, and is described according to [48]: 𝐸𝐴𝐶 =
𝐴𝑠𝑠𝑒𝑡 𝑃𝑟𝑖𝑐𝑒 ×𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑅𝑎𝑡𝑒

(1+𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡 𝑅𝑎𝑡𝑒)−𝑁−1
 = 

𝑁𝑃𝑉

𝐴𝑛𝑛𝑢𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟
  (1).  

                                                             
8 Capital budgeting is a process undergone by businesses to evaluate potential investments and expenses  
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The discount rate allows the estimation of the present value of future cash flows. Selecting 

a discount rate is not always straight forward but one should consider some factors; 

inflation, risk and cost of capital. Inflation in the EU is usually around 2% per year [49]. 

Electricity utilities, due to their secure market and established consumer base, have less 

risk than the external markets. However, in liberalized markets, projects from external 

stakeholders have higher risks [50]. Cost of capital is related to the cost of funds used for 

financing an investment or business. As an example, if one wants to calculate the value 

of 1000 € one year from now, assuming a 5% discount rate, it would be: 1000/(1+0.05) = 

952 €.  

The payback time is the duration required to recover the investment in a project. DER-

CAM uses a simple payback time method, which does not consider the time value of 

money. Time value of money is however contemplated in the EAC calculations. In DER-

CAM, the payback constraint contemplates the investment cost, O&M cost, discount rate 

and the life-time of the different technologies. The maximum payback time constraint is 

active in every investment run and forces that any new investments generate savings 

comparing to the base-case, always respecting the payback threshold. 

In addition to payback time, financial results in DER-CAM come as “Annual Savings” 

and “OPEX Savings”, in % of the base-case costs. OPEX is the short version of 

operational expenses, which represent the yearly cost of electricity. Thus, OPEX savings 

represent the yearly savings in electricity compared to the base-case. Annual Savings are 

the savings (also compared to the base-case) that include the EAC, which could also be 

called “capital expenses”, or CAPEX. 

CO2 savings, on the other hand, are expressed in % of CO2 not produced due to the new 

DER operating in the microgrid. 

2.5 Case Study: Arco do Cego Neighborhood 

Lisbon is the capital of Portugal and the most populated city of the country, with a little 

more than half-a-million inhabitants. It is a city with a great amount of solar radiation 

exposure, giving it a major advantage for solar energy technologies.  

The city recently won the prize of Europe’s green capital for 2020, showing that 

sustainability and economic growth are not mutually exclusive. Between 2002 and 2014 

Lisbon reduced its carbon emissions by half, energy consumption by 23% and water 

consumption by 17%. It has also one of the world’s largest electric vehicle charging 

networks [51]. 

Lisbon is also one of six major European cities involved in the Sharing Cities project. 

Under the scope of this project, the city defined a strategy for the next decades, to become 
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smarter. The city’s main objectives are promoting energy efficient housing, e-mobility, 

smart living, investing in R&D and create policies to catalyze the transition [52]. 

Additionally, through LisboaeNova, Lisbon is involved in several other projects, one of 

them called interGRID which promotes functional solutions for optimized synergetic 

energy distribution, utilization and storage technologies.  

2.5.1 Arco do Cego neighborhood 

The neighborhood Arco do Cego was the physical site in Lisbon chosen for this paper’s 

study. This place presented itself as good candidate since it has been already the target of 

several works done by IST. Moreover, a project designed here can be scaled for other 

neighborhoods in the city. 

Arco do Cego was initially projected in 1919, as a neighborhood for factory workers. In 

1927 it was transformed into a common residential neighborhood, with all the works 

completed by the end of 1935. It is situated in the commune of Areeiro, and close by there 

are some important facilities, such as IST, the headquarters of the bank Caixa Geral de 

Depositos and INE (National Institute of Statistics). Also, several main city avenues run 

adjacently or very close by.    

According to INE’s data from 2011 census, Arco do Cego can be divided into a total of 

44 statistical subsections9. Each statistical subsection provides information about the 

number of buildings, residences and present population [45]. Aggregating the previous 

parameters into one block of information one gets a total of 266 buildings, 493 habitations 

and a population of 916. 

In addition, there are two restaurants, three kindergartens, three associations, a laboratory, 

a secondary school a municipal archive and some offices, according to google maps.  

The neighborhood is almost symmetric according to an imaginary horizontal axis (see 

Figure 6), and has both apartments and houses, with habitations ranging from 52.7 m2 to 

182 m2. 

                                                             
9 The statistical subsection is the territorial unit which identifies the smallest homogeneous area, whether built-up or 
not, in the statistical section [45]. 
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Figure 6 - Arco do Cego neighborhood. 

In Lisbon, electricity is delivered to each household through low voltage (LV)  

distribution grid, at a voltage of 230/400 V10 and frequency of 50 Hz [53]. This grid 

belongs to the municipalities, however, most of them conceded the management of the 

network to EDP Distribution, the major utility in Portugal, which at the time was a public 

owned company. In addition to the LV grid, EDP is also responsible for the medium 

voltage (MV) network, which makes the connection between the HV/MV substations and 

the MV/LV substations, and delivers electricity to consumers with higher power 

demands. At each substation, voltage is stepped down by transformers; In the HV (high 

voltage)/MV substations from 60 kV to 10 kV, and in the MV/LV from 10 kV to 230 V 

[54]. For this study it will be assumed 630 kV transformers for the MV/LV substations in 

the neighborhood, and underground distribution LV cables of the type LSVAV 3 x 185 

mm2 + 95 mm2, which are the ones used in urban areas by EDP [55]. 

In addition to distribution, EDP has a branch in the commercial sector too. Since Portugal 

has a liberalized market, there are many companies operating in this sector. To simplify 

the study, EDP is considered as the commercial company operating, for all the consumers 

in the neighborhood. 

Contracted powers in LV distribution can go from 1,15 kVA to 41,4 kVA, with the 

denomination of “Normal Low Voltage”. Higher voltages can still be fed by the LV 

                                                             
10 230 V between phases and 400 V between each phase and neutral. 
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network, usually to a maximum of 200 kVA, and are denominated “Special Low 

Voltage”. 

Since Arco do Cego is not just composed by households, electrical consumption varies a 

lot, resulting in a diversity of load profiles. In addition to the residences, the 

kindergartens, bar-restaurants, associations and offices are also fed by the LV network.  

Households in Portugal, according to  [54] have an average electric consumption around 

3000 kWh/year. INE on the other hand puts this value on 3700 kWh/year, in a report 

released in 2010 [56]. For some families, with high efficiency appliances and good 

electric consumption habits, the average annual load stays at around 1500 kWh/year. In 

chapter 4, one can see in more detail what are the exact consumption profiles are, for 

households, restaurants and kindergartens respectively. 
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3. Optimization Model 

In this chapter the structure and mathematical formulation of DER-CAM’s optimization 

model will be presented [48]. Additionally, some technical theory is presented, important 

for understanding the methodology, such as converting electric quantities in ‘p.u’ (per 

unit) is presented, and how to calculate the incident solar radiation on a tilted surface. 

The following formulations are bounded by DER-CAM time resolution, where each 

month is modeled with three representative days with hourly load profiles for a week day, 

peak day and weekend day. This results in 24 hours of the representative day × 12 months 

in a year × 3 different load profiles which equals to 864 time-steps. Furthermore, loads 

are represented by nodes, which are connected among each other by lines and connect to 

the utility in the PCC, which in practice will be the LV/MV transformer units.  

3.1  Objective Function 

As mentioned in section 2.4, the problem in DER-CAM is formulated as a MILP, where 

an objective function is optimized according to the desired constraints. DER-CAM allows 

the minimization of overall costs, total CO2 emissions, or both by using the multi-

objective function (2). Note that CO2 emissions are taken into consideration and 

minimized in the objective function through CO2 taxation. Equation (2) is taken from 

[48]. 
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𝑝𝑢𝑟 + C𝑡𝑎𝑥M𝑡] ∑ U𝑛,𝑡

𝑝𝑢𝑟

𝑁

𝑛=1

𝑇

𝑡=1

+ ∑ ∑ ∑[U𝑛,𝑚,𝑝
𝑚𝑎𝑥

𝑃

𝑝=1

𝑀

𝑚=1

C𝑚,𝑝
𝑝𝑑 ]

𝑁

𝑛=1

  

− ∑ C𝑡
𝑒𝑥𝑝

𝑇

𝑡=1

∑ U𝑛,𝑡
𝑒𝑥𝑝

𝑁

𝑛=1

+ ∑[(C𝑗
𝐺 + Cv𝑗

𝑂&𝑀)]

𝐽

𝑗=1

∑ ∑ P𝑛,𝑗,𝑡

𝑇

𝑡=1

𝑁

𝑛=1

+ ∑ Cf𝑗
𝑂&𝑀

𝐽

𝑗=1

∑ N𝑛,𝑗
𝑐𝑎𝑝

𝑁

𝑛=1

 (2) 

+ ∑[
1

ŋ𝑗
R𝑗

𝑐𝑜2C𝑡𝑎𝑥]

𝐽

𝑗=1

∑ ∑ P𝑛,𝑗,𝑡

𝑇

𝑡=1

𝑁

𝑛=1

+ ∑ ∑ C𝑛,𝑢
𝑐𝑢𝑟

𝑈

𝑢=1

𝑁

𝑛=1

∑ L𝑛,𝑢,𝑡

𝑇

𝑡=1

    ,  

 

where C is the annualized cost, a𝑗 the annuity rate (which is equal to 1/Annuity Factor) 

[57] discounts the investment costs, C𝑗
𝑓𝑖𝑥

 is the fixed capital cost of technology j, 𝑖𝑛,𝑗 the 

binary investment decision at node n, C𝑗
𝑣𝑎𝑟 the variable cost of technology j, N𝑛,𝑗

𝑐𝑎𝑝
 is the 
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installed capacity of technology j in node n, C𝑡
𝑝𝑢𝑟

is the cost for electricity purchased in 

€/kWh during time t, C𝑡𝑎𝑥 is the tax on carbon emissions, M𝑡 is the marginal carbon 

emissions, U𝑛,𝑡
𝑝𝑢𝑟

 is the electricity purchased from the utility, U𝑛,𝑚,𝑝
𝑚𝑎𝑥  is the maximum 

power demand purchased from the utility in kW for each node, month and period of the 

day (peak/off-peak), C𝑚,𝑝
𝑝𝑑

 is the power demand charge according to each month and 

period of the day, 𝐶𝑡
𝑒𝑥𝑝

 is the revenue for electricity export in €/kWh, U𝑛,𝑡
𝑒𝑥𝑝

 is electricity 

exported to the grid, C𝑗
𝐺 is the generation cost of technology j (this refers to fuel costs if 

one has for example generators in their portfolio), Cv𝑗
𝑂&𝑀 is the variable annual O&M 

cost, P𝑛,𝑗,𝑡 is the output of technology j at node n during time t, Cf𝑗
𝑂&𝑀 is the fixed 

annual O&M cost, ŋ𝑗 is the electric efficiency of generation technology j, R𝑗
𝑐𝑜2 is the 

carbon emission rate, L𝑛,𝑢,𝑡 curtailed load (in microgrid theory, load not met (or 

curtailed load) has usually a cost associated, however in this model all loads are met and 

this cost is zero) and finally C𝑛,𝑢
𝑐𝑢𝑟 is the load curtailment cost. All the terms of the 

equation with a plus sign represent costs and with a minus sign represent revenue. The 

only revenue one could have is by selling electricity to the grid, which is not considered 

too, in this model since all distributed generation is either consumed or stored. 

3.2 Power Flow 

Optimal power flow problems are non-convex. In contrast to the linear optimization 

problems, which are convex and have linear constraint functions that allow for a convex 

feasible region and a solution which is globally optimal, non-convex problems do not. 

This type of problems is bounded by neither convex or concave functions, which results 

in multiple feasible regions and multiple locally optimal points [58]. DER-CAM adopts 

a linear power flow approximation, proposed in [59], valid for AC three-phase radial 

networks (see equations (3)-(6)). This model is advantageous over the DC approximation, 

since it considers voltage magnitude variations, line technical constraints and both active 

and reactive power. 

V𝑛,𝑡
2 − V𝑛′,𝑡

2 = 2(R𝑛,𝑛′P𝑛,𝑛′,𝑡 + L𝑛,𝑛′Q𝑛,𝑛′,𝑡) , (3) 

Vs𝑛=1,𝑡 = V0
2 , (4) 

P𝑖𝑛,𝑡 = ∑ P𝑛,𝑛′,𝑡

𝑛′=1

  , (5) 

Q𝑖𝑛,𝑡 = ∑ Q𝑛,𝑛′,𝑡

𝑛′=1

  , (6) 

 

where V𝑛,𝑡
2  is the voltage magnitude squared at node n, R𝑛,𝑛′ is the resistance of line 

between node n and node n’, P𝑛,𝑛′,𝑡 is the active power flow, L𝑛,𝑛′ is the inductance in 
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the line, Q𝑛,𝑛′,𝑡 is the reactive power flow, V0
2 is the squared slack bus voltage, P𝑖𝑛,𝑡 is the 

injected active power, Q𝑖𝑛,𝑡 is the injected reactive power. 

Equation (3) calculates differences in voltage magnitudes between nodes, and equation 

(4) fixes the voltage to its nominal value in the reference bus. Equations (5) and (6) govern 

the injected active and reactive power respectively, at each node in time t. 

Equation (7) accounts for the net injected power at a node, by considering PV generation, 

electric load and battery charging and discharging. 

Pi𝑛,𝑡 =  ∑ Pg𝑛,𝑗,𝑡 − Pl𝑛,𝑢,𝑡𝑗 + R𝑛,𝑡
𝐷 ŋ𝑠

𝐷 −
1

ŋ𝑠
𝐶 R𝑛,𝑡

𝐶  , (7) 

 

where 𝑃𝑖𝑛,𝑡 is the net inject power, 𝑃𝑔𝑛,𝑗,𝑡 is the generation of technology j, 𝑃𝑙𝑛,𝑢,𝑡 is the 

load demand, 𝐷𝑅𝑛,𝑠,𝑡 the battery discharge rate, ŋ𝑠
𝐷 is the battery discharge efficiency, ŋ𝑠

𝐶 

the battery charging efficiency and 𝐶𝑅𝑛,𝑠,𝑡 the battery charge rate. 

Equations (8) and (9) enforce bus voltage constraints and line power constraints. To 

linearize the line power constraints equations, DER-CAM uses an inner octagonal 

approximation instead of the circular constraint [60]. 

V𝑚𝑖𝑛
2 ≤ V𝑛,𝑡

2 ≤ V𝑚𝑎𝑥
2   , (8) 

±Q𝑛,𝑛′,𝑡 ≤ cotan ((
1

2
− e)

π

4
)) (P𝑛,𝑛′,𝑡 − cos (e

π

4
) S𝑛,𝑛′

𝑚𝑎𝑥) + sin (e
π

4
) S𝑛,𝑛′

𝑚𝑎𝑥  , (9) 

 

where V stands for acceptable voltage magnitude and S𝑛,𝑛′
𝑚𝑎𝑥 for the power carrying 

capacity between nodes. 

Equally important is the conversion of the common electric quantities (impedance, 

current, voltage and power) into a ‘per-unit’ (p.u.) representation. This method is broadly 

used in power system analysis, and therefore DER-CAM adopted it. The existence of 

transformer units in electric energy systems creates areas of different voltages (such as 

the downstream side of a transformer – LV network; and the upstream side – MV 

network). Generally, the reference voltage is 1.0 p.u. (the unity), hence a voltage of 0,95 

p.u. means a 5 % lower value than the nominal one, while a voltage o 1,05 represents a 

value 5 % higher. This method allows to quickly detect errors in quantities that would 

usually fall within a range of values. The value p.u. of a quantity is obtained with the 

formula (10): 

value in p. u. =  
value of the quantity

base value
   , (10) 

 

For three-phase systems, equations (11), (12) and (13) apply. These equations were 

taken from a book, which can be found in [61]: 
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Base Power (MVA) → Sb = √3VbIb  , (11) 

Base Current (kA) → 𝐼𝑏 =
𝑆𝑏

√3𝑉𝑏
  , (12) 

Base Impedance (Ω) → 𝑍𝑏 =
𝑉𝑏

√3𝐼𝑏
=

𝑉𝑏
2

𝑆𝑏
  , (13) 

 

where V𝑏 is the based voltage in kV. The equations (11), (12) and (13) will be important 

when defining the grid model parameters. From Vb and Sb it will be possible to calculate 

the cable parameters in p.u. (details in chapter 3). The technical specifications that will 

be used to describe the cables in this dissertation are; resistance (Ω/km), impedance 

(Ω/km), reactance (which is the imaginary part of impedance, as shown in formula (14)), 

ampacity (A) and power capacity (kV);  

𝑍 = 𝑅 + 𝑗𝑋 , (14) 

 

where Z represents impedance, R resistance, X reactance and j denotes the complex 

representation. 

▪ Resistance: Is the parameter that measures the difficulty to pass an electric current 

through a conductor. It directly relates to losses through the Joule effect11. 

▪ Reactance: It is also a parameter that measures the opposition of a circuit to a 

passing current, but due to the element’s characteristic inductance or capacitance. 

A final important concept that needs to be understood regarding power flow is the nature 

of active and reactive power. According to [61], active power ‘P’ is the average value of 

the instantaneous power and corresponds to the effective transmitted power. It oscillates 

between the average value of  𝑉𝐼𝑐𝑜𝑠𝜑 and its SI unit is the W (watt). Reactive power ‘Q’ 

is the maximum value of the power component that oscillates back and forth between 

generator and load. It has a null average value due to the variation in magnetic and electric 

energy stored in the inductive and capacitive elements of the load respectively. The SI 

unit for reactive power is the VAr (volt-ampere, reactive) and its value is 𝑉𝐼𝑠𝑖𝑛𝜑. 

𝑐𝑜𝑠𝜑 is called the ‘power factor’. Apparent power ‘S’ is the combination of active and 

reactive power, as shown in Figure 7, and its SI unit is VA (voltampere). 

 

                                                             
11 Process by which the passing of an electric current in a conductor produces heat 
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Figure 7 - On the left: 'p' stands for instantaneous power. 'p1' it’s a component of ‘p’ 

that oscillates between the value 𝑉𝐼𝑐𝑜𝑠𝜑 and 'p2' is also a component of ‘p’ which 

oscillates between zero and has a maximum value of 𝑉𝐼𝑠𝑖𝑛𝜑. On the right is the power 

triangle illustrating the relationship between active, reactive and apparent power  

[61][62]. 

3.3 Storage 

Similarly to the objective function and to functions (3)-(9), all storage, generation and 

utility import and export equations were taken from DER-CAM literature [48]. 

Equation (15) tells what is the state-of-charge (SOC) of the battery and considers self-

discharge, while equation (16) keeps the SOC within defined limits. Equation (17) sets 

rate (“speed”) limits on charging and discharging. 

The SOC is a parameter that tells how charged the battery is at some point in time, i.e., 

tells what the capacity fraction of a full charged battery is (100% → fully charged; 0% 

→ fully discharged).   

As mentioned in section 2.1.1, batteries store electricity through chemical reactions. Self-

discharge is the phenomenon that makes battery capacity decrease over time. This occurs 

due to internal side chemical reactions. Different battery types and chemistries have 

different self-discharge rates [63]. 

Charge and discharge rates in a battery are commonly known as C-rates, where the 

capacity of a battery is set at 1C. For example, a fully charged battery rated at 1 Ah 

(Ampere-hour) will provide 1 A over 1 hour until it is fully discharged. On the other hand, 

if one discharges the same battery at 0.5C, it will provide 0,5 A over 2 hours. The same 

logic applies for a C-rate of 2C, where the battery will provide 2 A over 30 minutes. 

All the previous parameters, presented in this storage section, have a direct impact in the 

battery’s life-time [64]. Equation (15) tracks the SOC, equation (16) keeps the SOC 

within predefined thresholds and equation (17) imposes rate limits in charging and 

discharging. 
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SOC𝑛,𝑡 = (1 − ϕ𝑠)SOC𝑛,𝑡−1 + S𝑛,𝑠,𝑡
𝐼𝑛 − S𝑛,𝑠,𝑡

𝑂𝑢𝑡   , (15) 

SOC𝑚𝑎𝑥 ≤ S𝑛,𝑠,𝑡
𝑂𝑢𝑡 ≤ SOC𝑚𝑖𝑛  , (16) 

S𝑛,𝑠,𝑡
𝐼𝑛 ≤ N𝑛

𝑐𝑎𝑝R𝐶S𝑛,𝑠,𝑡
𝑂𝑢𝑡 ≤ N𝑛

𝑐𝑎𝑝R𝐷  , (17) 

 

where SOC𝑛,𝑡 is the state of charge of the battery, ϕ𝑠 is the power factor, S𝑛,𝑠,𝑡
𝐼𝑛  is the 

energy input in the battery, S𝑛,𝑠,𝑡
𝑂𝑢𝑡  is the energy output from the battery, SOC𝑚𝑖𝑛 and 

SOC𝑚𝑎𝑥 are respectively the minimum and maximum allowed state of charge, R𝐷 is the 

charge rate and R𝐶 the discharge rate. 

3.4 Generation 

The following equations make sure that the generation from each technology does not 

exceed its maximum capacity and potential. Equation (18) calculates the PV capacity. 

Equations (19) calculates PV output generations and equation (20) sets a boundary 

condition stating that PV generation should never be higher than the installed capacity. 

N𝑛,𝑘
𝑐𝑎𝑝 = 1000Aŋ𝑗  , (18) 

P𝑛,𝑘,𝑡 ≤ N𝑛,𝑘
𝑐𝑎𝑝 ŋ𝑘,𝑡

ŋ𝑘
𝑓𝑡  , (19) 

P𝑛,𝑘,𝑡 ≤ N𝑛,𝑘  , (20) 

 

where N𝑛,𝑘
𝑐𝑎𝑝

 is the PV capacity (or PV peak power) and it is calculated by multiplying 

1000 W/m2 times A (available area) times ŋ𝑘 (PV efficiency measured under standard 

test conditions). P𝑛,𝑘,𝑡 is the generation output of PV technology, ŋ𝑘,𝑡 is the PV 

efficiency considering temperature at time t and 𝑓𝑡 is the “irradiance fraction” (which is 

the irradiance value at time t divided by 1000W/m2). 

3.5 Import and Export 

Equation (21) imposes that the utility purchase stays under a predefined threshold. 

Equation (22) imposes a boundary condition so that utility electricity purchase does not 

surpass a certain amount. 

U𝑛,𝑡
𝑒𝑥𝑝 ≤ (1 − b𝑛,𝑡)gU𝑛,𝑡

𝐸𝑋𝑃 , (21) 

U𝑛,𝑡
𝑝𝑢𝑟 ≤   b𝑛,𝑡gH  , (22) 
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where U𝑛,𝑡
𝑝𝑢𝑟

 is the electricity purchased from the grid at node n during time t, U𝑛,𝑡
𝑒𝑥𝑝

 the 

electricity export to the grid, b𝑛,𝑡 is the binary sell/buy parameter at each node, g is the 

binary parameter which is equal to 0 when there is no grid connection, thus making both 

utility import and export parameters 0 as well, U𝑛,𝑡
𝐸𝑋𝑃  is the maximum allowed electricity 

export to the grid and H is the limit amount. In the microgrid model considered in this 

thesis there is no electricity export to the grid. 

3.6 Incident Solar Radiation on a Tilted Plane 

Determining the solar irradiance (W/m2) on a tilted plane starts by measuring it in the 

horizontal plane. There are two main types of devices used for this; pyrheliometers and 

pyranometers. It is usually assumed that monitored data comes with both beam (𝐼𝑏) and 

diffuse (𝐼𝑑) radiation. In this section it demonstrated how one can go from radiation on 

the horizontal plane to radiation on a tilted plane (𝐼𝑏𝑇, 𝐼𝑑𝑇 , 𝐼𝑔𝑇 are respectively the beam, 

diffuse and ground reflected components of radiation on a tilted plane). 

Since radiation data is available in time series, the equations are applied one-time step at 

a time, where t is the midpoint between two monitored time intervals. 

𝑡 =
𝑡1+𝑡2

2
  . (25) 

 

One of the fundamental parts of solar radiation theory and of the conversion process 

between planes are the solar angles. Figure 8 presents two schemes with the important 

solar angles and Table 3 presents a small description. 

 

Figure 8 – Solar angles for conversion between planes [65],[66]. 

Horizontal Plane →  𝐼 = 𝐼𝑏 + 𝐼𝑑   . (23) 

Tilted Plane →  𝐼𝑇 = 𝐼𝑏𝑇 + 𝐼𝑑𝑇 + 𝐼𝑔𝑇   . (24) 
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Table 3 - Solar angles description [65]. 

β Tilt of the plane in relation to the horizontal 0º < β < 180º 

ϒ 
Azimuth angles of the tilted plane. Zero due south and positive going west     

-180º < ϒ < 180º 

ϕ Latitude. North is positive. -90º < ϕ < 90º 

δ 
Declination of the sun, measured in degrees above or below the celestial 

equator, as shown in Figure 8. -23.45º < δ < 23.45º 

ω 
Hour angle, which is the angular displacement of the sun relative to the local 

meridian, zero at noon, afternoon positive. -180º < ω < 180º 

 

The equations for each angle can be found in appendix 1. 

The conversion process tackles separately each type of radiation: 

▪ Beam Radiation – It’s the radiation that hits the earth directly, coming in a straight 

path from the sun. When converting beam radiation between surfaces one should 

use the geometric factor Rb which is defined according to equation (26). An Rb 

value evaluated at the midpoint of a time interval is representative of the whole 

interval. The conversion is only performed when the sun is above the horizon, 

meaning when both  cos 𝜃 > 0 ⋀ 𝑐𝑜𝑠 𝜃𝑧 > 0. Also, it is important to be careful 

regarding unrepresentative values of the geometric factor. In sunrise and sunset, 

when 𝑐𝑜𝑠 𝜃𝑧 is very close to zero, Rb can become extremely large. 

𝑅𝑏 =
𝐼𝑏𝑇

𝐼𝑏
=

cos 𝜃

𝑐𝑜𝑠 𝜃𝑧
  . (26) 

  

▪ Diffuse Radiation – Some of the radiation that encounter particles in the 

atmosphere in its path, scattered or reflected, reaches the earth surface nonetheless 

(some is also reflected to space). To model the diffuse radiation, the Hay and 

Davies model was used and expressed as (27) [67]; 

𝐼𝑑𝑇 = 𝐼𝑑 [(1 − 𝐴𝑖) (
1+cos 𝛽

2
) + 𝐴𝑖𝑅𝑏] , (27) 

  

where Ai is the anisotropic index and is defined as the ratio between incident beam 

radiation Ib and extraterrestrial radiation I0; 

𝐴𝑖 =
𝐼𝑏

𝐼0
  . (28) 

 

▪ Ground-reflected radiation – It is the radiation reflected in buildings, trees and 

different ground materials, into the tilted plane. Some of this radiation is reflected 

back to space.The standard approach expressed in (29) is to assume reflected 

radiation form one composite source,  
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𝐼𝑔𝑇 = 𝐼𝜌𝑔 (
1−𝑐𝑜𝑠𝛽

2
)   , 

 
(29) 

 

where I = Ib + Id and ρg is the ground reflectance, which varies according to the 

surroundings.  

And finally, the complete radiation on a tilted plane can be calculated as: 

𝐼𝑇 = 𝐼𝑏𝑇 + 𝐼𝑑𝑇 + 𝐼𝑔𝑇  , (30) 

 

Or combining equations (26), (27) and (29), 

IT = IbRb + Id [(1-Ai) (
1+cosβ

2
) + AiRb] + (Ib + Id)ρg (

1-cosβ

2
) . 

(31) 
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4. Methodology 

This chapter presents the methodology used for the different design process stages. These 

stages are choosing the customers and characterize the loads, model the network, utility 

parameters and the distributed energy resources. 

4.1 The Physical Site – Arco do Cego 

As mentioned in Section 2.2, the physical space delimitation and number of customers 

served are the first things to consider, when designing a microgrid. 

Inspired by [28], in order to find out how many people lived in the neighborhood, 

statistical information available online were used, provided by INE (Instituto Nacional de 

Estatística). As mentioned in chapter 4, the neighborhood was divided into 44 statistical 

subsections, present in Figure 9. 

 

Figure 9 -Arco do Cego -  Statistical Subsections. 

Each subsection was then categorized according to the number of inhabitants, habitations 

and buildings. One should note that only buildings for habitational purposes are 

considered in the value provided by INE. 
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Table 4 – People (ppl), habitations (hab) and buildings in Arco do Cego divided 

according to the 44 subsections in Figure 9. 

Subsection nº ppl. nº hab nº build Subsection nº ppl. nº hab nº build 

1 19 18 11 23 0 0 0 

2 38 20 19 24 8 9 9 

3 18 10 4 25 7 7 2 

4 33 13 3 26 35 12 2 

5 36 19 19 27 42 12 2 

6 22 9 2 28 17 9 8 

7 42 29 8 29 33 18 18 

8 19 9 3 30 14 9 2 

9 9 4 4 31 5 4 4 

10 0 0 0 32 2 2 2 

11 11 5 4 33 13 10 3 

12 18 12 2 34 36 20 20 

13 73 34 9 35 12 6 6 

14 14 8 2 36 10 5 2 

15 28 24 21 37 7 4 4 

16 16 10 2 38 0 0 0 

17 8 4 4 39 6 5 4 

18 8 3 3 40 17 8 2 

19 23 12 2 41 56 36 8 

20 40 18 18 42 18 8 2 

21 24 9 3 43 15 8 2 

22 23 10 2 44 41 21 19 

 

Subsections 10, 23 and 38 belong to the secondary school “Dona Filipa de Lencastre” and 

will not be considered in the microgrid model since the school is fed by the MV grid. The 

same is assumed to happen to the municipal archive which is present in subsection 35. 

However, in the model both restaurants present in subsection 35 and the three 

kindergartens present in subsection 1 will be included, in addition to all residential 

customers. 

Having the above information, makes it possible to move on to modelling the 

neighborhood loads.  

The loads were modeled with data provided by the co-supervisor at IST. This data 

belonged to several types of habitations, with different number of occupants, periods of 

construction, living area and location (all in Portugal). The data used for this project were 

from 2013. 
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In reference [68], one can find an urban project of Arco do Cego, which has information 

about the living areas of the habitations in subsections 2, 3, 7, 8, 9, 15, 16, 17, 21 and 22. 

Fortunately, due to symmetry, all other habitations in the neighborhood, excluding the 

ones from subsection 1, are equal to one of these habitations mentioned above. Hence it 

was possible to know the living areas for almost every house and apartment. With the 

information provided by INE, the habitations were distributed in the buildings and the 

habitants in the habitations, considering that each house/apartment can have between one 

and three people living there (otherwise empty). This was motivated by the average 

inhabitants per habitation in Lisbon being 2,3, according to PORDATA [69]. 

Keeping in mind that the year of construction of the neighborhood was 1935, the chosen 

load profiles that better suited Arco do Cego characteristics can be seen in Table 5. 

Table 5 - Residential Load Types. 

Type12 Construction Place 
Area 

(m2) 
Code13 

Data 

Quality 

Nº 

ppl. 

Yearly 

Consumption 

(kWh) 

T3 Before 1960 Lisbon 
100-

125 
A Good 2 1981 

T4 Before 1960 Lisbon 
150-

200 
B Great 3 3104 

- Before 1960 Coimbra 
100-

150 
C 

Very 

Good 
2 1869 

- Before 1960 Coimbra 
100-

150 
D 

Very 

Good 
1 1526 

 

To each load profile it was attributed a code: A, B, C and D. Data quality implies that 

some of the data was missing for some weeks during the year. To complete the load 

profiles, data from adjacent weeks was assumed in place of the missing data, always 

matching the week days. In case it was missing data from a holiday, the closest holiday 

data were assumed. Load data for D were engineered from C to model the demand profile 

of a house with only one occupant. To do so it was considered that D had half of the usage 

for the dishwasher and washing machine compared to C. 

To model the load profiles of the restaurants and kindergartens one used the default load 

profiles from DER-CAM. However, both were adapted to meet the Portuguese case. 

Kindergarten’s demand was stepped down to have a maximum load below 25 kW, in line 

to [70]. The same was done for DER-CAM’s default restaurant load. It was adapted to 

match the load profile of IST restaurant at the civil engineering building [70]. One should 

keep in mind that Portuguese restaurants usually have a drop in consumption after lunch, 

resulting in a lower power demand, but peaking again when preparing for dinner. 

                                                             
12 In Portugal, house types are defined with T followed by a number. This number means the number of bedrooms.  
13 This code is just a personal code developed to mention each house later in the text. 
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Figure 10 - Week Loads for residential consumers A, B, C, D and for both kindergarten 

and restaurant. 

Consumption profiles consisted in 15 min time-step values of energy load, in kWh. Using 

Matlab, all load data was converted into a column vector and each 15 min interval data 

for each correspondent hour was summed to obtain the energy consumption per hour 

(kWh/h), which is analogous to mean power demand (kW). Subsequently, load profiles 
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were used as inputs in DER-CAM’s excel template to transform the raw data into DER-

CAM’s input format.  

For this model three peak days/month were considered, the rest being week days and 

weekend days. In Figure 10 one can see the week load profiles for each type of load. 

Having characterized the neighborhood according to its statistical data and load types, 

one must figure out how much available roof space there is to install PV modules. To do 

so, one can use the Lisbon Solar Map14, a tool created by Lisboa-e-Nova, which is 

available online and gives information about solar potential and roof area for each 

building in Lisbon. The area value given by this tool does not distinguish between roof 

orientation, i.e., it gives a single value for the total roof area. Using google maps, this 

total area per building was manually divided into area per building per orientation. 

Arco do Cego has its houses all facing the same direction, thus making the categorization 

less complex this categorization. All but north orientated roofs were considered for PV 

installation. For the contemplated orientations (257º West, 161º South, 68º East and Flat), 

windows, chimneys and shaded areas were subtracted (This was done manually, 

measuring the area with a web application for google maps and looking in Lisbon’s solar 

map for the blue areas – please see Annex 2). For the roof inclination it was considered 

the same value for all, with a value of 30 degrees. This value is an assumption, based on 

the recommended roof inclinations given by the roof tiles producers, for the city of Lisbon 

[71].   

4.2 Network Model & Power Flow Parameters 

To model the LV network in the neighborhood one has to model according to the 

contracted power for each consumer. For residential consumers, the contracted power 

assumed was 6,9 kVA and 13,8 kVA, for apartments and single-family houses 

respectively. In the neighborhood there are some buildings used by associations and 

organizations. For those a contracted power of 20,7 kVA was set. Finally, for both 

restaurants and kindergartens a contracted power of 25 kVA was assumed (This value 

was chosen based in [72] and based in the consumption profiles shown in Figure 10).   

In this work it is assumed that EDP is the utility operating in the neighborhood, and that 

the apparent power of the transformers stepping down voltage from MV to LV is 

630kVA. That means that each transformer’s load cannot surpass 630 kVA. Also, each 

transformer has usually up to six feeders, going up to eight if necessary. Additionally, the 

load should be as equally divided as possible among all feeders, to have a balanced 

network. A balanced network is less likely to have over- or under-voltages, excessive 

power flow, etc.  

When modeling the network, one should consider the probability of all costumers 

consuming their peak allowable load at the same time. This is contemplated by the 

                                                             
14 One can find the solar map at: http://80.251.174.200/lisboae-nova/potencialsolar/ 
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“coefficient of simultaneity”, which is expressed, for residential and commercial clients 

as [53];  

c =  0,2 + 
0.8

√N
 , (32) 

where ‘N’ is the number of habitations. The power each feeder can handle can be 

calculated as; 

SF = c ∑ S𝑐(i)

𝑁

𝑖=1

  , (33) 

where 𝑆𝐹 is the apparent power in the feeder and S𝑐(i) is the contracted power of 

habitation i. 

The grid was designed through an iterative process, considering the geographic placement 

of lines and the capacity of each feeder. Meaning that the grid designed in Figure 11 was 

done in such a way that any of the feeder’s capacity is exceeded, which was guaranteed 

by applying equations (32) and (33) (please see Table 6).  Also, when designing the 

network, one should consider that every consumer must be fed, lines should not be 

extensively large and the allowed number of branches coming from the same feeder 

should not exceed a maximum of three. Therefore, the network resulted in the following 

design (Figure 11). 

 

Figure 11 – LV distribution grid Topology for Arco do Cego. 
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Table 6 –Number of habitations, coefficients of simultaneity (c), contracted power, 

power and subsections (see Figure 9 and Figure 11) of each feeder15. 

Transformer 

Nº1 

Nº 

Habitations 
c 

Total 

Contracted 

Power (kVA) 

Power in 

the Feeder 

(kVA) 

Subsections 

Feeder 1 12 0.43 176.8 76.2 1 (half) 

Feeder 2 37 0.33 255.3 84.6 4,5,11 

Feeder 3 47 0.32 317.4 100.9 12,13 

Feeder 4 43 0.32 289.8 93.7 20,24,19,18 

Feeder 5 42 0.32 282.9 91.9 28,32,33,34 

Feeder 6 45 0.32 303.6 97.3 40,41 

Feeder 7 34 0.34 234.6 79.1 39,43,44 

Transf. Nº2      

Feeder 1 26 0.36 284.6 101.6 1(half),6,14 

Feeder 2 34 0.34 234.6 79.1 2,3,9 

Feeder 3 38 0.33 262.2 86.5 7,8 

Feeder 4 38 0.33 262.2 86.5 15,16,17 

Transf. Nº3      

Feeder 1 43 0.32 296.7 95.5 21,22,26,27 

Feeder 2 31 0.34 213.9 73.5 29,30,31 

Feeder 3 17 0.39 181.1 71.4 25,36,37,35 

Feeder 4 11 0.44 96.6 42.6 35,42 

 

The total power in each transformer is respectively 624 kVA, 354 kVA and 283 kVA, 

which is within the capacity limits. The results above were obtained through an iterative 

process, considering the geographic placement of lines. Meaning that the grid designed 

in Figure 11 was done in such a way that any of the feeder’s capacity is exceeded. Also, 

when designing the network, one should consider that every consumer must be fed, lines 

should not be extensively large and the allowed number of branches coming from the 

same feeder should not exceed a maximum of three. Therefore, the network resulted in 

the following design Figure 11. 

With the network model done, the next DER-CAM input one should consider is the power 

flow model. To do so, one can start by determining the power flow parameters: Slack Bus 

Voltage, Base Apparent Power and Base Voltage. The slack bus voltage is the voltage in 

                                                             
15 Feeder is what one calls the electric line going from the transformer to the houses. 
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the reference node, which in this case will be the transformer node, and it will be set to 1 

p.u. The based power is 10 MVA and based voltage 230 V. 

After that, cable parameters should be set. By using equations (10)-(13) and the base 

values mentioned above, is possible to calculate the cable parameters in p.u. units. As 

mentioned before, underground LV cables of the type 0,4/1 kV LSVAV 3 x 185 mm2 + 

95 mm2 are assumed, which are the ones used by EDP in urban areas [54]. 

Table 7 - LSVAV cable parameters. 

A (mm2) R20ºC (Ω/km) R70ºC (Ω/km) Z (Ω/km) Imax (A) If (A) 

3 x 185 + 95 0,164 0,197 0,237 266 250 

 

▪ A – Section area of the cable for each phase and neutral 

▪ R – Resistance of the cable  

▪ Z – Impedance of the cable 

▪ Imax – Maximum current 

▪ If – Allowed current in the fuse to protect the cables from overcurrent. 

The resulting cable parameters in p.u. units can be seen in Table 8. 

Table 8 – Resistance (R), Reactance (X), Ampacity (Imax) and Power Capacity (Pmax) for 

the  LSVAV 3x185+95 mm2 expressed in p.u./m. 

R (p.u./m) X (p.u./m) Imax (p.u.) Pmax (p.u.) 

0.003100 0.003234 0.099593 0.25 

 

Where ampacity and power capacity are calculated according to equations (34) and (35);  

Imax =  
In

Ib
  , (34) 

Pmax =  
1000 × 𝐼𝑛

𝑆𝑏
  , (35) 

 

where Ib is the base current and Sb the base apparent power. Cables’ technical 

characteristics serve as constraints for power flowing in the lines. In addition, there are 

voltage constraints, imposed by regulations. The standard EN 50160 used in Europe [38] 

states that voltage should be within ±10% of its nominal value, meaning it should be 

between 0.9 p.u. (207 V) and 1.1 p.u. (253 V). However, since the system designed will 

include distributed generation, the voltage constraints are set to 0.92 p.u. and 1.08 p.u., 

because electricity leaving/entering a node can cause a decrease/increase in voltage (this 

happens inside each building’s distribution box). 
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Finally, the power factors for loads and generators need to be determined. For residential 

electric load, a conservative power factor of 0,8 is used, and for the DER 0,9 [73]. 

4.3 Utility Tariffs 

EDP charges electricity to its LV costumers according to time-of-use and the costumer 

can choose between a simple, Peak/Off-Peak or Peak/Mid-Peak/Off-Peak tariff structure. 

Additionally, they have a power charge per day, according to the contracted power.  

For the microgrid model in this study, a Peak/Off-Peak is assumed. The cost-breakdown 

structure of EDP’s tariff is present in Table 9. In Table 10 one can see the hourly 

breakdown for the peak & off-peak tariff. 

Table 9 - Cost Breakdown for a Peak & Off-Peak tariff from EDP.  

Contracted Power  6,9 kVA 13,8 kVA 

Power (€/day)  0,3853 0,6902 

Energy (€/kWh) 

Peak 0,2028 0,2030 

Off-Peak 0,0969 0,0971 

 

DER-CAM does not allow to attribute different electric charges to different nodes. Hence, 

an average contracted power cost was calculated for each feeder, and for the hourly 

electricity charges, the values for the 6,9 kVA contracted power were considered, since 

the majority of the neighborhood loads are residential. 

Table 10 - Hourly Breakdown for EDP; Dark Grey – Off-Peak; Light Grey – Peak. 

Winter 

Week 0h 7h 

Saturday 0h  9h 14h 20h 22h 

Sunday 0h 

Summer 

Week 0h 7h      

Saturday 0h 9:30h 13h 18:30h 22h 

Sunday 0h 

 

In addition to EDP’s electricity charges, costumers are also taxed. This tax is called VAT 

(Value Added Tax) and applies to consumption of goods or services. In Portugal and for 

the electricity sector is 23% of the electricity cost payed by the end-user. In this model, 

this tax was included in the electricity and power charges. 
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4.4 Utility CO2 Taxes 

Furthermore, DER-CAM takes as input CO2 taxes. According to the Portuguese law [74], 

the taxation on CO2 emissions is 6,85 €/ton. To calculate the cost of carbon, DER-CAM 

asks for the marginal CO2 emissions. It is important to distinguish between marginal and 

average CO2 emissions. Average emissions are calculated with all CO2 emissions and all 

energy produced, across all types of generation (renewables included). Marginal 

emissions on the other hand, are only calculated with CO2 emissions from marginal plants 

(plants that are used to meet the extra energy demand, which are normally the ones with 

more flexibility, i.e., dispatchable). These plants are usually either coal or gas fired. For 

EDP case it was considered that the marginal plants were coal, gas, fossil cogeneration 

and urban residues plants. The production of carbon per kWh, for each fuel or technology 

according to 2016/2017 available data, is presented in Table 11. 

Table 11 - Carbon Dioxide emissions for different marginal plants and fuels. 

Coal (g/kWh) Gas (g/kWh) Cogeneration (g/kWh) Urban Waste (g/kWh) 

970 386 327 696 

  

Considering that the overall EDP’s electricity production in 2017 included 16,1 % coal, 

6,7 % gas, 6,7 % cogeneration and 3 % urban waste, a weighted average was calculated, 

considering that the contribution of each of these fuels for the marginal production is 

53,13 %, 22,11 %, 22,11 % and 2,64 % respectively. Hence, the value of marginal CO2 

was calculated at 691 g/kWh or 0,691 ton/MWh. As a curiosity, according to EDP’s 

website, EDP’s emissions associated to electricity production for residential consumers 

is 281 gCO2/kWh, for the year of 2017. 

4.5 PV and Battery Storage 

The distributed energy technologies considered for this microgrid model are PV modules 

and Li-ion battery banks. 

PV output is proportional to the irradiance, as one would expect. PV capacity in m2 is 

determined by available roof area and conversion efficiency, which in turn depends on 

ambient temperature. For the irradiation, data from Los Angeles, California were used. It 

can be considered as a good approximation since it is located at almost the same latitude 

as Lisbon. Hourly temperature data for 2017 were gathered through the IST 

meteorological station [75]. Figure 12 presents an example of a PV power output profile 

from one node of the microgrid. 
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Figure 12 – Example of PV power output for one node of the microgrid. 

Regarding storage, Li-ion batteries were the chosen technology due to their energy 

density, electric potential, cycling-life and later advancements and interest in the industry. 

In Figure 13 one can see the state of charge, for the typical week day, during the courses 

of one year. This is the profile of an 8 kWh battery which operates in the same node as 

the PV modules shown in the previous picture. 

 

Figure 13 - 8 kWh battery state of charge for the same example node as in Figure 12 

(Here the SOC is in %). 

PV and battery parameter inputs in the software can be divided into economic and 

technical. Table 12  presents the technical parameters and Table 13 presents the economic 

parameters for both fields. 
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Table 12 - Technical parameters considered for PV and batteries. 

PV modules 
Peak Efficiency 17 % 

[76] 
Life Time 20 years 

Li-ion Batteries 

Efficiency of Charge16 95 % 

[77]–[79] 

Efficiency of Discharge 95 % 

Max Charging Rate 30 % / hour 

Max Discharging Rate 30 % / hour 

Minimum State of Charge 30 % 

Number of Cycles 365 / year 

Life Time 10 years 

 

Table 13 – Installation costs17 considered for PV and batteries. 

 Variable Cost O&M Cost   

PV modules 1770 €/kW 1,25 €/kW per month [80] 

Li-ion Batteries 850 €/kWh - [81], [82] 

 

4.6 Insolation Approximation 

One of the major limitations of DER-CAM is the impossibility of specifying roof 

orientation for PV production. The software considers an optimal orientation by default 

(South facing with tilt optimal for the current latitude, which in this case is 38,7º). 

Therefore, the real profile one would obtain by installing the PV modules according to 

the roof orientation results in a very typical, south facing production profile (see Figure 

12). This limitation makes the model less realistic since it considers a false PV power 

generation behavior, which in turn affects the charge/discharge pattern of the batteries. 

Moreover, since electricity has different prices at different times this limitation affects 

the true monetary cost of purchasing electricity form the main grid and the use of self-

produced electricity (i.e., the self-consumption). 

DER-CAM takes as input a single value of available roof area for each node. Thus, to 

turn the model more realistic, a conversion between orientations was made. This 

conversion made possible to get the same overall energy production one would have in 

the real case scenario.  

                                                             
16 This is energy efficiency 
17 Installed Cost -includes all costs, from inverters to labor, tax, etc. in order to get the system fully functional and 
running. 
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Using the solar radiation equations for conversion between planes (presented in section 

3.6), firstly, the incident radiation on an optimal orientated PV panel (DER-CAM 

orientation) was calculated. After, the same procedure was done to the real roof 

orientations. With hourly radiation data for the year of 2017, provided by IST 

meteorological station, it was possible to calculate the yearly incident radiation per square 

meter on all planes. Then, to make the conversion in DER-CAM, the total yearly incident 

radiation per m2 on the four types of roof orientations was calculated as a fraction of the 

total yearly incident radiation per m2 on the default DER-CAM orientation. This results 

in a conversion factor for each roof orientation, which states that: For 1 square meter of 

real roof orientation, one has “X” square meters of “DER-CAM orientation” that receive 

the same amount of radiation. The results obtained are the ones in  

Table 14. Note that an albedo of 0,3 for the ground was considered when calculating the 

ground reflected irradiance. 

 

Table 14 - Conversion factors between DER-CAM default roof orientation and real roof 

orientation. 

 Conversion Factor 

68º East, 30º Tilt 0,85 

161º South, 30º Tilt 1,08 

257º West, 30º Tilt 0,82 

Planar Roof  0,79 

 

The conversion factor obtained for the south facing roofs is higher than the unity, meaning 

that the radiation incident on the roof surface is higher than the one incident in a DER-

CAM default orientated surface. This is due to a combination of factors; one being that 

the optimal tilt for a PV panel is some degrees below the latitude (in the northern 

hemisphere) and true solar south differs from magnetic south by two degrees in Lisbon; 

Other factor might be calculation errors, since one is using discrete time steps instead of 

a continuous function; Another one might me specific weather conditions (which might 

have occurred in 2017) of  increased cloudiness during the afternoon hours, comparing to 

morning hours. 

Afterwards, each conversion factor was multiplied by the available roof area obtained 

through Lisbon’s solar map. Even though the profile is still the same, at least energy 

production over time is realistic for the microgrid, i.e., the same total irradiance value one 

should expect in the real case scenario (where each PV panel would be orientated 

according to the roof’s orientation).  
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5. Results & Discussion 

In the microgrid model in this study all electricity generated inside the neighborhood is 

either consumed or stored there. 

Since the level of grid independence was also studied, all simulations were done 

considering a multi-objective analysis, minimizing both costs and CO2 emissions. 

Regarding the economic parameters, a maximum allowable payback time of 10 years was 

set, considering a 3% discount rate. 

Ideally, all nodes for the same transformers would have been simulated together, 

however, DER-CAM can only simulate up to 20 nodes at a time. With a total of 266 

buildings in the neighborhood it was impossible to do so, therefore each feeder was 

simulated individually. Preferably, a load node was attributed to a single building. 

However, in lines feeding areas like subsection 5, the number of buildings exceeded 20. 

For that reason and for those areas, each two-family house was considered as 1 load node, 

and their consumptions aggregated. Considering the architectonic and network symmetry 

and the identical load nature of some of the feeders in the microgrid, it was assumed that 

the results obtained for feeders 2, 3 and 4 from transformer 1 and feeder 4 from 

transformer 2 could be assumed for the following feeders (where T1F1, for example, 

stands for Transformer 1, Feeder 1): 

▪ T1F2 – The same results assumed for T1F7 and T2F2 

▪ T1F3 – The same results assumed for T1F6 and T1F3 

▪ T1F4 – The same results assumed for T1F5 

▪ T2F4 – The same results assumed for T3F2  

In this chapter the global results for the entire microgrid are presented, going into more 

detail for the results of feeders T1F2 and T2F1. T1F2 represents the standard residential 

feeder in the neighborhood and T2F1 is the longest feeder, thus more prone to voltage 

problems, and the feeder with the highest load since it feeds two kindergartens. 
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5.1 Aggregated Neighborhood Results 

In order to answer the first research question “What is the optimal, on-site, PV and storage 

capacity, at each node of the microgrid?”, the individual results will be aggregated and 

shown in Table 15, Table 16 and Table 17. In Figure 14 one can see the nodes considered 

for the simulation. Each rectangle represents a DER-CAM node. 

 

Figure 14 -Microgrid nodes considered in the software marked with squares. 

Node 1 is always the PCC, which in this case is the transformer node. Node 1 is also the 

slack node and voltage is fixed at 1 p.u. 
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Table 15 – Optimal PV and battery capacity and placement for transformer 1. 

 T1F1 T1F2 T1F3 T1F4 

Node 
PV 

(kW) 

Storage 

(kWh) 

PV 

(kW) 

Storage 

(kWh) 

PV 

(kW) 

Storage 

(kWh) 

PV 

(kW) 

Storage 

(kWh) 

1 - - - - - - - - 

2 12 5 0 5 0 6 0 1 

3 0 14 0 5 0 8 12 2 

4 0 9 0 7 0 4 12 1 

5 0 14 0 8 6 8 0 7 

6 8 19 0 5 0 9 0 10 

7 13 5 0 7 5 8 0 7 

8 16 12 0 5 17 6 4 6 

9 0 15 0 9 0 8 0 8 

10 - - 12 5 3 4 0 9 

11 - - 14 3 0 13 3 3 

12 - - 5 2 - - 5 3 

13 - - 8 10 - - 0 8 

14 - - 0 5 - - 0 9 

15 - - 0 10 - - 0 3 

16 - - - - - - 0 3 

17 - - - - - - 0 6 

18 - - - - - - 0 5 

19 - - - - - - 0 0 
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Table 16 – Optimal PV and battery capacity and placement for transformer 2. 

 T2F1 T2F4 

Node PV (kW) Storage (kWh) PV (kW) Storage (kWh) 

1 - - - - 

2 13 9 10 47 

3 0 0 12 1 

4 0 0 0 26 

5 0 25 0 0 

6 0 5 0 0 

7 19 14 0 0 

8 0 12 0 0 

9 0 29 5 0 

10 25 12 0 0 

11 15 31 0 0 

12 10 13 0 0 

13 1 16 3 0 

14 - - 0 0 

15 - - 0 0 

 

Table 17 – Optimal PV and battery capacity and placement for transformer 3. 

 T3F1 T3F3 T3F4 

Node 
PV  

(kW) 

Storage 

(kWh) 

PV  

(kW) 

Storage 

(kWh) 

PV  

(kW) 

Storage 

(kWh) 

1 - - - - - - 

2 0 10 13 3 0 0 

3 10 21 11 12 0 0 

4 0 21 5 7 0 0 

5 17 17 0 12 6 0 

6 0 13 5 12 7 0 

7 6 16 17 17 11 0 

8 29 18 3 10 7 0 

9 0 16 0 17 - - 
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The feeders mentioned above are the ones used to model the entire microgrid system. 

Combining these results and extending them to the entire neighborhood, one can have a 

better notion of the overall economic and environmental performance, plus overall 

quantity of DERs in Table 18. 

Table 18 - Economic performance of entire microgrid compared to the base-case. 

 
Capital Cost in 

DER (k€) 

Total Annual 

Energy Costs 

(k€) 

OPEX 

(k€) 

Annual CO2 

emissions 

(ton) 

Base-Case - 407 407 1058 

Optimized 2203 335 151 415 

 

Total annual energy costs include annualized capital costs. Obviously, this only affects 

the optimized case, since in the base-case the only costs are the normal OPEX costs of 

electricity purchasing from the main-grid. From these numbers (in Table 18) one gets 

17,5% reduction in annual costs after investments. If one only considers OPEX, there is 

a 63% reduction in operational expenditures (In the optimized case this value includes 

costs with technology maintenance in addition to the electricity purchase).   

The total capital cost of 2,2 million euros is dived equally (1,1 million) between 625 kW 

of PV capacity and 1291 kWh of stationary Li-ion battery storage. 

And finally, according to DER-CAM one can obtain a 61% reduction in CO2 emissions. 

Analyzing the system from an energetic stand point, one gets the following results (Table 

19) for total electricity purchased, PV power generation and total annual load after 

optimization. 

Table 19 - Energy consumption breakdown for the neighborhood. 

Annual Electricity 

Purchase (MWh) 

Annual on-site Generation 

(MWh) 
Annual Load (MWh) 

601 1171 1510 

 

From Table 19 follows that the total electricity purchased and generated exceeded the 

load by 262 MWh. This extra electricity represents electricity lost in conversion phases, 

distribution losses, generation not stored and battery self-discharge. From the total 

electricity in the microgrid (1171 MWh + 601 MWh), renewable generation and storage 

allow for a neighborhood which is 66% self-sufficient. 

To study the system in more detail and answer the remaining research question one must 

analyze each feeder separately, which is done in the next section. 
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5.2 Residential Feeder 

To characterize the residential feeders, feeder number 2 from transformer 1 will be used 

as a case. This feeder was chosen since it represents fairly the general case of the 

“residential feeders” which are the ones with residential loads only. It was also observed 

that economic and environmental performance was very similar between these types of 

feeders. T1F2 requires, on the first year, an investment of approximately 145.000 euros 

in 40 kW of PV panels and 87 kWh of Li-ion batteries. Ten years after, one needs a new 

investment in batteries, as shown in Figure 15. Also, payback happens in year 10, and a 

second time in year 15, after the new investment in storage capacity. From the first year 

onwards, costs in electricity go down to 6.400 €/year, which translates into a 14.600 

€/year saving (21.000 €/year – 6.400 €/year), comparing to the base case (the 

neighborhood as it is). The economic results for residential feeders are very similar 

overall, and for T1F2 one has the following (see Table 20).  

Table 20 - Economic performance of T1F2. 

 
Capital Cost in 

DER (k€) 

Total Annual 

Energy Costs 

(k€) 

OPEX 

(k€) 

Annual CO2 

emissions 

(ton) 

Base-Case - 21 21 55 

Optimized 145 19 6,4 17,5 

 

Total annual savings including annualized capital costs stay around 10%, OPEX savings 

are around 69% and CO2 emissions are reduced by 68%. This positive value of annual 

savings means that, under the values that were set for discount rate and payback time, it 

is worth to invest in this project.  

Regarding the energetic performance of the feeder, one has a total annual electric load of 

78,9 MWh, on-site generation of 74,8 MWh and 25,6 MWh are purchased from the grid, 

making this feeder 74,5% self-sufficient.  

 

Figure 15 - Economic results for T1F2. 
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For the optimal PV and battery capacity and placement at each node one can look at Table 

15. Optimal dispatch is shown in Figure 16 for a typical week day for the month of 

December. Following the blue line, the aggregated battery capacity does not go below 26 

kW i.e., not below the minimum SOC of 30%. This energy can eventually be used in case 

of any blackout event, to power critical loads. Between 5 and 7 a.m., there is an increased 

demand from the main-grid, accompanied by an increase on the battery SOC. This is 

called “electricity pooling”, which is buying electricity from the grid when it is less 

expensive, to use it when it is more expensive. At 7 a.m., when electricity prices increase 

(Table 10), purchasing from the grid stops and only stored electricity plus solar energy 

are used to meet the demand. From 8 a.m. to 16 p.m., batteries store the extra PV power 

which is not immediately used. From 7 a.m. to 9 p.m. the feeder runs purely on PV 

generation and battery storage, until the system needs to compensate with grid electricity 

again.  

 

Figure 16 - Optimal electricity dispatch for T1F2, in a typical week day for the month of 

December. (Note that the SOC is in kWh and the maximum value for this figure is 87 

kWh. Note that SOC uses the right y-axis, all other the left). 

To understand the impact of the DER in grid’s stability and safety norms compliance, one 

can plot the maximum voltage variations, at each node, that occurred over one year (see 

Figure 17). 
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Figure 17 - Comparison between base case and optimization, for voltage magnitude 

variations at each node over one year, for T1F2. 

T1F2 has PV panels installed at nodes 10, 11, 12 and 13. One can see the effect of 

distributed generation on the maximum voltage values observed in these nodes. 

Compared to the base case one can see that the maximum values increase slightly. Also, 

even though there is no PV production there, node 14 experiences a rise in voltage too, 

which is an effect of the neighboring nodes. However, since the cables used in this 

analysis outperform other types of cables used in urban networks, due to their low 

resistance and reactance, plus the low amount of PV installed along the feeder, the overall 

performance of the system is very stable, with voltage magnitudes far from both the upper 

and lower limits. 

5.3 Commercial Feeder 

In addition to residential loads, T2F1 feeds two kindergartens, making it the feeder with 

the highest load in the system. Since it is also the longest it is likely more prone to over- 

and under-voltage issues. T2F1 buildings have considerably higher available roof space 

than the typical residential feeders. The combination of these factors gives interesting 

results, presented in Figure 18. 

 

Figure 18 - Economic results for T2F1. 
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Figure 18 describes an initial investment of 287 thousand euros in 83 kW of PV and 165 

kWh of storage. The payback period is approximately 7,5 years. The second investment 

in batteries (after their 10 years lifetime) is fully payed by the savings done so far. 

Comparing to the typical residential feeder, this one has a true payback time of 10 years 

(meaning that even though a first payback happened after 7,5 years, the savings done 

between year 7,5 and year 10 are used to pay the new investment, thus making the project 

‘truly profitable’ only after 10 years). T1F2 needs around 15 years to become truly 

profitable. One can see in detail the economic performance for this feeder in Table 21. 

Table 21 - Economic performance of T2F1. 

 
Capital Cost in 

DER (k€) 

Total Annual 

Energy Costs 

(k€) 

OPEX 

(k€) 

Annual CO2 

emissions 

(ton) 

Base-Case - 61,5 61,5 155 

Optimized 287 47 23 65 

 

The results in Table 21 translate into 24% monetary annual savings and 58% CO2 

emissions reduction. Energy wise, the feeder uses a total of 222,6 MWh/year, 155,8 

MWh/year of renewable energy is generated and 94,4 MWh/year is purchased from the 

main grid, resulting in 62,3% self- sufficiency. Electricity dispatch for a peak day in the 

month of May can be seen in Figure 19.  

 

Figure 19 - Optimal electricity dispatch for T2F1, in a typical peak day for the month of 

May. (Note that the SOC is in kWh and the maximum value for this figure is 165 kWh. 

Note that SOC uses the right y-axis, all other the left). 
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Peak days are assumed to have the same hourly energy charges as week days (see Table 

10). Thus, the battery system turns to electricity pooling to sustain the feeder loads after 

7 a.m., since prices increase after that hour. Continuing to analyze Figure 19, one can see 

that part of the energy stored during the early morning is used from 6 a.m. to 10 a.m., 

leaving the battery at 90 kWh capacity (55% charged). From 10 a.m. to 14 p.m., it is 

possible to run solely on solar energy, and even recharge the batteries with 20 kWh, up 

to a 66,7% S.O.C. From 14 p.m. onwards, solar energy is not enough; therefore batteries 

come into play once more, until they are at their minimum threshold of 30% S.O.C. It 

might be confusing that the S.O.C curve stops discharging at 17 p.m, when looking at the 

figure one notices that electricity from the batteries is still being provided, until 18h. This 

mismatch happens because one is mixing a power curve with an energy curve. Let’s 

consider for example a 4-hour interval. DER-CAM knows the power at each time, and it 

plots it accordingly to Figure 19, for example from 14 p.m. to 18 p.m. However, energy 

is power multiplied by a time interval, meaning that for a 4-hour time interval one gets 3 

“energy intervals”. These three “energy intervals” are represented by the three different 

slopes of the S.O.C curve, between 14 p.m. and 17 p.m. However, if one calculates the 

blue area (energy provided from storage) and compares it with the value of battery 

discharge, one can conclude it gives the same value. 

 

Figure 20 - Comparison between base case and optimization, for voltage magnitude 

variations at each node over one year, for T2F1. 

As expected and as seen in Figure 20, voltage magnitudes are much higher in T2F1 than 

in T1F2. In Table 16 and Figure 14, one can see that this feeder goes from node 2, to node 

3, 4 and 5, and separately from node 3 to node 6, 7, …, 13 and also PV installations occur 

in nodes 2, 7, 11, 12 and 13. Analyzing these nodes in comparison to the base case, which 

had the exact same loads but no distributed generation, one can see the clear effect of PV 

in bus voltages, downstream and upstream. It is also noticeable that the highest voltage 

value is in the last node, reaching a value 1,045 p.u. Overall, with PV panels installed, 

voltages tend to be higher in the end of the feeder, which is in accordance to what was 

read in the literature [83],[84]. A similar effect, but with less magnitude can be observed 

in Figure 17. 
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It is also possible from Figure 20 to observe an under-voltage tendency after node 5, 

especially in the base case scenario. This is probably due to the feeder’s high load and 

length. Nevertheless, all voltage values, in the base case and optimized case, are between 

acceptable operating limits. 

In appendix 2, details on the electric dispatch for each node of T1F2 and T2F1 are 

presented. 
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6. Sensitivity Analysis 

In this chapter the sensitivity of the model is tested in three different ways: 

▪ Shifting load according to PV production profile 

▪ Changing the discount rate 

▪ Increase/decrease electricity consumption 

As mentioned in section 4.6, one of the major limitations of DER-CAM is that it does not 

consider several possible orientations for PV panels, only the optimal. This creates an 

unrealistic PV production profile, even though it was adjusted with respect to the overall 

energy production for correctly orientated PV systems. Given these facts, the only 

possible solution available to mitigate this limitation, and maybe approximate the model 

to the real case scenario is by shifting load from early morning and later afternoon towards 

the hours of higher PV production. Even though this is not a typical case of load shifting, 

one will follow percentages for load shifting as recommended from literature: from 20%, 

which is equivalent of shifting a washing machine and dishwasher loads, to 30% and 40% 

[85]. This is done is section 6.1. 

The discount rate that was first chosen was 3%. Even though this is applicable under some 

circumstances and business models, it might be considered low for some investors since 

it covers little more than the 2% inflation rate. For example, EDP only invests in 

businesses which give positive returns under a more demanding discount rate of 7%. For 

that reason, one will see how the system performs under stricter economic demands, 

testing it for discount rates of 5%, 7% and 9%. This is done in section 6.2. 

Finally, in section 6.3, the economic performance will be evaluated in the case of 

increased load in the feeders. Hence, it can be useful to understand the impact of, for 

example, the introduction of electric vehicles in the future. 

6.1 Load Shifting  

In this section the consumption is shifted to the time of PV power generation, which 

would happen, if PV modules are facing west and east in addition to south. 

Taking the daily hour interval between 7 h and 18 h, load was shifted according to: 

▪ 20%, 30% and 40% of loads from the interval [7 h, 10h] were added to the loads 

from [11h, 14h]. 

▪ 20%, 30% and 40% of loads from the interval [15 h, 18h] were added to the loads 

from [11h, 14h]. 

This is to simulate morning and afternoon loads that would be fed by east and west facing 

panels respectively.  
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For the residential feeder T1F2 the results of the analysis on AEC (annual energy cost) 

and annual CO2 production are presented in  Figure 21. 

 

Figure 21 - Economic and environmental behavior for Load shifts of 20%, 30% and 

40%, for the residential feeder - T1F2. 

The red line represents the annual energy cost for the 0% load shift case and it is 18.620 

euros. The horizontal light blue line is the CO2 emissions for the 0% load shift and has a 

value of 17,68 tons. 

In Figure 22, one can see the case for the commercial feeder T2F1. 

 

Figure 22 - Economic and environmental behavior for Load shifts of 20%, 30% and 

40%, for the commercial feeder - T2F1. 

Comparing both scenarios, one can see that for the residential feeder both annual energy 

costs and annual CO2 emissions drop gradually, meaning that load shift benefits both 

economic and environmental parameters. For a detailed placement of PV and batteries 

please see Table 22.  
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For the commercial feeder however, one can see that AEC tends to go up, and even 

surpassing the 0% load shift case cost, at 40% load shift. As it is seen in the result chapter, 

the commercial feeder has a payback time which is still somewhat far from the maximum 

allowable 10 years (First the payback time is around 7,5 years). For that reason, DER-

CAM advises for a heavy investment on more DER, for each load shift ratio, keeping the 

payback time always under 10 years. The investment, however, made the AEC increase, 

as well as the payback time, but CO2 emissions decreased abruptly. Another consequence 

of this is an increased grid independence (self-sufficiency), as one can see in Table 23.  

Table 22 - Optimal PV and battery placement and capacity for each load shift ratio, for 

the residential feeder - T1F2. 

 0% Load Shift 20% Load Shift 30% Load Shift 40% Load Shift 

Node 
PV 

(kW) 

Bat. 

(kWh) 

PV 

(kW) 

Bat. 

(kWh) 

PV 

(kW) 

Bat. 

(kWh) 

PV 

(kW) 

Bat. 

(kWh) 

1 - - - - - - - - 

2 0 5 0 5 0 6 0 5 

3 0 5 0 7 0 8 0 9 

4 0 7 0 6 0 6 0 7 

5 0 8 0 8 0 9 9 9 

6 0 5 0 5 0 5 0 5 

7 0 7 7 7 7 6 0 10 

8 0 5 0 5 0 5 0 4 

9 0 9 0 7 0 5 0 7 

10 12 5 12 14 12 3 0 7 

11 14 3 14 2 0 3 14 6 

12 5 2 0 5 8 5 0 5 

13 8 10 2 10 0 11 5 3 

14 0 5 0 8 9 7 9 4 

15 0 10 5 7 5 7 5 6 

Total 39 86 40 96 41 86 42 87 

Self-

Sufficiency  
74,5% 76% 76,7% 77,4% 
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Table 23 – Optimal PV and battery placement and capacity for each load shift ratio, for 

the commercial feeder - T2F1. 

 0% Load Shift 20% Load Shift 30% Load Shift 40% Load Shift 

Node 
PV 

(kW) 

Bat. 

(kWh) 

PV 

(kW) 

Bat. 

(kWh) 

PV 

(kW) 

Bat. 

(kWh) 

PV 

(kW) 

Bat. 

(kWh) 

1 - - - - - - - - 

2 13 9 13 27 13 19 0 23 

3 0 0 0 20 13 10 13 11 

4 0 0 11 16 11 21 11 12 

5 0 25 0 20 0 20 11 18 

6 0 5 0 8 0 19 0 34 

7 19 14 19 17 19 20 19 18 

8 0 12 10 19 0 12 10 24 

9 0 29 21 8 21 27 21 14 

10 25 12 25 12 25 21 25 24 

11 15 31 0 20 15 32 15 21 

12 10 13 0 5 5 25 10 29 

13 1 16 10 35 0 0 0 27 

Total 83 166 109 204 121 226 134 256 

Self-

Sufficiency  
62,3% 76,3% 82,1% 86,9% 

 

6.2 Discount Rate  

When trying to change the discount rate on the multi-objective optimization, all discount 

rates higher than 3% generated negative monetary savings, meaning one would have 

higher annual costs than before the investment. This happened because there was a 

conflict between CO2   reductions at the expense of monetary value. For that reason, a 

single objective was used in considering only cost. Two different runs were executed, one 

forcing a 3 kWh battery into every node, to provide some flexibility, and another 

completely free of forced investments, for pure economic optimization. Next, the results 

for the residential feeder T1F2 and commercial feeder T2F1 are presented.   
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Figure 23 - Annual energy cost in comparison to the base case scenario, for different 

discount rates, for T1F2. 

In the multi-objective case (presented in chapter 5), after optimization, the annual energy 

cost was 18.620 euros. In Figure 23 above, one can see the results for the single-objective, 

cost optimization analysis. Every scenario generates savings since the annual energy cost 

is lower than 20.800 euros (the base case cost). If one considers a higher discount rate, 

savings are progressively lower since future money is considered to worth less than today. 

This is a way however, to ensure that a project is profitable and worth investing in.  

In Table 24, one can see that the payback time is influenced too. To obtain the optimal 

cost solution for each discount rate, DER-CAM advises the installation of different PV 

capacities, which consequently affects the payback time.  

Table 24 - Discount rate sensitivity analysis for the residential feeder - T1F2 

 Discount Rate 3% 5% 7% 9% 

Forced 

investment 

in storage 

PV capacity 

(kW) 
27 25 24 23 

Payback Time 
7 years, 5 

months 

7 years, 2 

months 

7 years, 2 

months 

7 years, 1 

month 

Pure cost 

optimization 

PV capacity 

(kW) 
23 21 20 18 

Payback Time 5 years 
4 years, 8 

months 

4 years, 6 

months 

4 years, 3 

months  
  

The total battery capacity, in the forced storage investment, is 42 kWh, and the feeder is 

57%, 55%, 53% and 51% self-sufficient, respectively for each discount rate. 

The pure cost optimization run advises for no storage investments and results in a 47%, 

45%, 43% and 42% self- sufficient feeder.  
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In Figure 24 one can see the same comparison for T2F1. Where the base case cost is 

61.500 euros and the annual energy cost for the multi-objective run (presented in chapter 

5) is 47.000 euros. One can conclude as well that savings, in percentage, are much higher 

than in the typical residential feeder. This means that higher loads provide better 

candidates for these kind of systems, due to their increased potential for economic 

savings.  

 

Figure 24 - Annual energy cost in comparison to the base case scenario, for different 

discount rates, for the commercial feeder - T2F1. 

Battery capacity is 36 kWh and the feeder is 59%, 59%, 58% and 57% self-sufficient, 

respectively, for the forced storage investment scenario. 

For the pure cost optimization run, DER-CAM advises no storage investments, similarly 

to T1F2. The feeder is 57%, 56%, 56% and 55% self-sufficient, respectively. Detailed 

results for PV capacity and payback time can be seen in Table 25.  

Table 25 - Discount rate sensitivity analysis for T2F1 

 Discount Rate 3% 5% 7% 9% 

Forced 

investment 

in storage 

PV capacity 

(kW) 
83 83 81 78 

Payback Time 
5 years, 6 

months 

5 years, 6 

months 

5 years, 5 

months 

5 years, 4 

months 

Pure cost 

optimization 

PV capacity 

(kW) 
83 83 79 76 

Payback Time 5 years 5 years 
4 years, 10 

months 

4 years, 8 

months 
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6.3 Increased Load 

In this section the system’s economic performance is evaluated when introducing changes 

of + 40% in demand. This results in the yearly energy use for the residential load profiles 

presented in Table 26. 

Table 26 – Before and after adding 40% residential load profiles. 

Code Original Load (kWh) +40% (kWh) 

A 1981 2773 

B 3104 4346 

C 1869 2617 

D 1526 2136 

 

To test the impact of increased load one had to fix the PV and battery capacity to be equal 

to the case presented in the results chapter 5. Otherwise, DER-CAM would generate the 

optimal DER portfolio and the comparison would not be straight forward.  

Thus, the results obtained are presented in Table 27. 

Table 27 - Economic performance of feeders T1F2 and T2F1 for a 40% load increase. 

  
Base 

Cost (k€) 
EAC (k€) 

Payback 

Time 

Self-

Sufficiency 

(%) 

T1F2 

Original 

Optimization 
21 19 10 & 15 74,5 

+40% Load 

Optimization 
29 24 8,6 & 12,8 63 

T2F1 

Original 

Optimization 
61,2 47 7,5 & 11 62,3 

+40% Load 

Optimization 
85,4 65,8 6,6 47,7 

 

One can conclude that increased loads for the same PV and battery portfolio are beneficial 

for the economic performance of the neighborhood, making possible for lower payback 

times. The AEC increase from the original optimization is purely due to increased 

electricity purchase from the main grid. 
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7. Concluding Discussion 

Analyzing the results, one can conclude that it is possible to turn Arco do Cego 

neighborhood into a renewable cluster.  

The self-sufficiency of Arco do Cego was found to be 66% in this study, reducing its 

carbon footprint by 61%, in the multi-objective scenario present in section 5.1. A detailed 

map of where to place each PV system and battery bank was generated, with specific 

electricity dispatch strategies. Moreover, the system was designed under real grid voltage, 

current and power flow constraints. 

In addition to its energetic and environmental performance, the Arco do Cego microgrid 

showed a 17,5% monetary saving potential, comparing to the “no microgrid” base case. 

One should notice however that costs related to energy management systems and 

microgrid operators were not considered. 

Answering the research questions specifically one can go to Table 15, Table 16 and Table 

17 to see what are the optimal PV and battery portfolios for each feeder and node of the 

neighborhood. 

Dispatch strategies are presented, in the residential feeder, for a typical week day for the 

month of December, and in the commercial feeder for a peak day in the month of May. 

Detailed node by node dispatch is presented in appendix 2.  

Regarding PV and battery effects on grid voltage, by default, DER-CAM optimizes a 

system always in compliance with grid limitations. Therefore, no violations will occur 

from the chosen DER portfolios. Nevertheless, the effects of distributed PV can be seen 

in Figure 17 and Figure 20, for the residential and commercial feeder respectively. One 

can conclude that the cables used by EDP perform very well in accommodating large 

amounts of DER. However, an undervoltage issue can be problematic in the studied 

commercial feeder, specially at the end of the feeder, but this is due to high load demand. 

A trade-off between environmental and economic performance was the main objective of 

this model. The residential feeder showed a 10% annualized energy cost reduction and a 

staggering 74,5 % self-sufficiency potential. The commercial feeder, with its higher load 

demand showed a 24% annualized energy cost reduction and the potential of being 62,3 

% self-sufficient.  

However, in the sensitivity analysis presented in chapter 6 the system was evaluated for 

different load shifting ratios, discount rates and increased load demand, to understand the 

impact of more demanding economic constraints. It is safe to say that for increased 

economic profitability and shorter payback times, DER (Distributed Energy Resources) 

penetration is lower, resulting in a less self- sufficient neighborhood. For a pure-economic 

optimization, residential feeders can save up to 30% in annual costs, while commercial 
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feeders up to 36%, still behaving well in the self-sufficiency field (showing they can still 

be, in the worst-case scenarios, 42% and 55% independent). 

7.1 Future Works 

A potential interesting future work is to test how a microgrid, like the one studied here, 

would behave if integrated to a microgrid at university (IST). It would be interesting to 

find how a university demand profile and different electric tariff affect the profitability 

and self-sufficiency of the whole system. 

It would also be interesting to test a system of peer-to-peer electricity trading, using block-

chain technology, and other business models. In addition, it would be valuable to evaluate 

the profitability of the system if the DSO could use the microgrid to balance the local 

electricity system. 

DER-CAM allows the testing for reliability and resilience, defining grid outages and cost 

of lost load. It is possible also to set load curtailment and load shifting percentages.     

Finally, one could test the system when using intelligent circuit breakers between feeders, 

making energy flows among the entire neighborhood possible. 
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Appendix 1 

The solar radiation equations for each angles, taken from [65], are the following: 

δ  = 23,45sin(360 
284+d

365
) , (36) 

ω = 15(  
𝑡𝑠

60
− 12) ,  (37) 

cosӨ = sinδsinϕcosβ - sinδcosϕsinβcosϒ + cosδcosϕcosβcosω  
+ cosδsinϕsinβcosϒcosω + cosδsinβsinϒsinω 

(38) 

cos Өz = cos ϕ cos δ cos ω + sin ϕ sin δ ,  (39) 

Rb = 
cos Ө

cos Өz
 , (40) 

𝑡𝑠 = t𝑠𝑡 − 4(L𝑠𝑡 − L𝑙𝑜𝑐) + E(d) , (41) 

E(d) = 229,18(0,000075 + 0,001868cosB - 0,032077sinB –   
0,014615cos2B - 0,04089sin2B) , 

(42) 

B = (d − 1)
360

365
  (43) 

  

where ts is the solar time of the day in minutes, tst the standard time in minutes after 

midnight, Lst is the standard meridian, Lloc is the longitude of the location and E(d) is 

the equation of time for day d of the year.  
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Appendix 2 

Residential feeder node by node dispatch – T1F2 
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Figure 25 - Node by node dispatch for a week day in the month of December 
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Commercial feeder node by node dispatch - T2F1 
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Figure 26 - Node by node dispatch for a peak day in the month of May 
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Appendix 3 

Figure 27 shows Arco do Cego solar map. 

 

Figure 27 – Arco do Cego solar map [86]. 

The north facing roofs were not considered. Shaded areas and chimneys were subtracted 

manually, thus considering only areas with high PV potential.     
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