
 

 

 

 

 

D3.1: Report on the Co-optimization Tool 

 and DSM Scheme 

 
December 2022 

 

This project has received funding 

from the European Unionôs Horizon 

2020 Research and Innovation 

Programme under Horizon 2020 

Grant Agreement ˉ 101018420. 

               

This project has received funding 

from the Department of Science 

and Technology (DST), India 

under Grant Agreement ˉ DST 

/TMD/INDIA/EU/ILES/2020/50(c) 

               



 
 

 

 D3.1 Report on the Co-optimization Tool and DSM Scheme                                                 [2]                                                                             

 

Title                                                                                                                  Document Version 

Report on the Co-optimization Tool and DSM Scheme 2.0 

Project number Project acronym Project Title 

EU: 101018420 

India:DST/TMD/INDIA/EU/ILES/ 

2020/50(c) 

RE-EMPOWERED 

Renewable Energy 

EMPOWERing European and 

InDian communities 

Contractual Delivery Date Actual Delivery Date Type*/Dissemination Level* 

31st December 2022 23rd December 2022 R/ PU 

 
Responsible Organisation Contributing WP 

Imperial WP3 

 

*Type *Dissemination Level 
R Document, report  PU Public 

 
DEM Demonstrator, pilot, 
prototype 

CO Confidential, only for members of the consortium 
(including the Commission Services) 

 
DEC Websites, patent fillings, 
videos, etc. 

EU-RES Classified Information: RESTREINT UE 
(Commission Decision 2005/444/EC) 

 
OTHER ETHICS Ethics 
requirement 

EU-CON Classified Information: CONFIDENTIEL UE 
(Commission Decision 2005/444/EC)  
 

ORDP Open Research Data Pilot  EU-SEC Classified Information: SECRET UE 
(Commission Decision 2005/444/EC) 

DATA data sets, microdata, etc  
 

DOCUMENT INFORMATION 

Current version: V2.0 

Authors:  Sai Pavan Polisetty (ICL), Thomas Joseph (ICL), Dimitris Lagos (ICCS), Ana Turk 

(DTU), Kamini Shahare (VNIT), George Milionis (ICCS), Stratis Batzelis (ICL), Firdous Ul Nazir 

(ICL), Bikash Pal (ICL), Mirza Nuhic (DTU), Guangya Yang (DTU), Dipanshu Naware (VNIT), 

Arghya Mitra (VNIT), Jes¼s Rubio Conde (DELOITTE), Ćlvaro Pascual Rodr²guez-Varela 

(DELOITTE),  Ismini Moustafelou (DAFNI), Marios-Alkinoos Dimitriou (DAFNI), Petros 

Markopoulos (DAFNI), Alexandros Paspatis (ICCS), Panos Kotsampopoulos (ICCS) 

  



 
 

 

 D3.1 Report on the Co-optimization Tool and DSM Scheme                                                 [3]                                                                             

 

REVISION HISTORY 

Revision Date Description Author (partner) 

V0.1 30.06.2022 
Draft version prepared for dynamic pricing 
mechanism 

DELOITTE 

V0.2 31.08.2022 Draft version for DSM prepared DTU 

V0.3 02.09.2022 
First draft version prepared with table of 
content 

ICL 

V1.0 30.11.2022 Final draft for Review 
DELOITTE, DTU, 
DAFNI, ICL, VNIT 

V1.1 19.12.2022 Revision according to reviewerôs feedback ICL, DTU, VNIT 

V2.0 23.12.2022 Submitted version ICL 

 

 

REVIEWERS  

Description Name Partner Date 

1  Athanasios Vassilakis ICCS-NTUA 09.12.2022 

2 Arghya Mitra VNIT 15.12.2022 

 

 

COPYRIGHT STATEMENT  

The work described in this document has been conducted within the RE-EMPOWERED project 

and may be subject to change. This document reflects only the RE-EMPOWERED Consortium 

view, and the European Union is not responsible for any use that may be made of the information 

it contains. 

This document and its content are the property of the RE-EMPOWERED Consortium. All rights 

relevant to this document are determined by the applicable laws. Access to this document does 

not grant any right or license on the document or its contents. This document or its contents are 

not to be used or treated in any manner inconsistent with the rights or interests of the RE-

EMPOWERED Consortium and are not to be disclosed externally without prior written consent 

from the RE-EMPOWERED Partners. Neither the RE-EMPOWERED Consortium as a whole, nor 

any single party within the RE-EMPOWERED Consortium accepts any liability for loss or damage 

suffered by any person using the information. Each RE-EMPOWERED Partner may use this 

document in conformity with the RE-EMPOWERED Horizon 2020 Grant Agreement provisions. 

  



 
 

 

 D3.1 Report on the Co-optimization Tool and DSM Scheme                                                 [4]                                                                             

 

EXECUTIVE SUMMARY 

The document describes the algorithms developed in Task 3.1: Co-optimization of energy vectors 

and Task 3.2: Demand side management mechanism of the RE-EMPOWERED project. The 

algorithms are developed to be implemented at the different project demo sites using the 

ecoTools. The document is expected to act as a reference during the development and 

deployment stages of the various ecoTools. The main ecoTools which are associated with the 

developed algorithms reported in this document are ecoEMS, ecoMicrogrid, ecoPlatform and 

ecoCommunity. 

Co-optimization algorithms developed for multi-energy systems aim for optimal coordination and 

scheduling of the various energy vector sources and flexible demands in all the sub-systems. The 

optimal scheduling ensures that the energy source utilisation is increased, and energy wastage 

is reduced, thus resulting in a higher overall efficiency of the complete system. The optimization 

problem formulation with the associated constraints and the cost function for a generalised multi-

energy system developed as part of the project is particularly described in this document. 

Moreover, based on the actual system specifications at the demo sites, the adaptation and 

implementation in ecoTools for each of the demo sites are also described. 

With regards to the demand side management mechanism, the objective is to analyse how 

electricity consumers can be given a pricing signal to shift their consumption to those hours when 

the power production with renewable energies is higher, trying to shave the peak demands or to 

adapt the demand and the variable renewable energy production. Again, based on a general 

framework which is presented and analysed, the specific implementation at each demo site is 

also elaborated in this deliverable. 

 

The first sections of the document provide a background on the topics of co-optimization, demand 

side management and dynamic pricing mechanisms. A review of the main dynamic pricing 

mechanisms available for the energy market is also described. In the subsequent sections, the 

developed algorithms and their implementation for the demo sites using the ecoTools are 

explained. 

 

KEYWORDS:  

co-optimization, demand side management, district cooling system, district heating system, 

dynamic pricing indication, multi-energy system 
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1 Introduction 

1.1 Purpose of the document 

The deliverable on the Co-optimization Tool and the DSM scheme describes the algorithms 

developed as part of Task 3.1 and Task 3.2 of the RE-EMPOWERED project, which will 

subsequently be utilised by the ecoTools during their deployment in the demo sites of the project. 

The algorithms are developed in a general context considering the objectives of the project and 

are then tailored to fit into the objectives for each demo site. This report initially describes the 

developed algorithms in a general context and then particularly focuses on the implementation 

plan for each of the demo sites. 

 

1.2 Structure of the document 

The report is structured into twelve sections. The first section describes the purpose, scope, and 

structure of the document. Section 2 provides a background on the topics of co-optimization, 

demand side management and dynamic pricing schemes. 

Section 3 describes the generalised co-optimization framework developed as part of Task 3.1 of 

the project. The presented algorithm considers multiple energy vectors as part of the multi-energy 

system. The various components considered as part of the multi-energy system and their 

modelling are also explained in the same section. Based on the system modelling, the cost 

function, system constraints, and other governing equations for the co-optimization are 

analytically described as well. Then, based on the abovementioned generalised co-optimization 

model, sections 4 and 5 describe the co-optimization algorithm for large island networks and 

microgrids respectively, taking into consideration the characteristics of the RE-EMPOWERED 

demo sites. The implementation of co-optimization algorithm using ecoTools for various demo 

sites is also described in the associated sections.  

Then, Section 6 describes the demand-side management algorithms designed for the ecoTools 

with regard to the project objectives. The criteria for classifying the various loads, concepts 

regarding time slot determination and dynamic price indications and the extension for real-time 

pricing indication are explained in this section. The implementation of the developed DSM 

algorithms in the various RE-EMPOWERED demo sites is also described in the section. 

The main contributions of the deliverable are summarised in section 7 and the references are 

listed in section 8. 
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2 Background 

The need for decarbonization in the energy sector has led to the transition towards renewable 

energy and is resulting in major changes in the current electricity system. The growing 

dependence on renewable resources such as PV and wind systems brings new challenges for 

the future. In addition, economic and social development is associated with an increase in annual 

global electricity consumption. 

 

Figure 1: Global Electricity Consumption [1] 

The figure above shows the increase in electricity consumption between 1974 and 2019. As can 

be seen, this value has risen by more than 15,000 TWh during this 35-year period. Except for 

some economic crises, year by year the global electricity generation and demand are growing, 

and for this reason, the need for updating the transmission and distribution grids is higher (grids 

which reach new locations and with higher loads). 

Additionally to the increase in power generation and demand, most countries have committed to 

reducing greenhouse gas emissions and fighting against climate change and pollution. The Paris 

Agreement, adopted in 2015, signed on 22nd April 2016, and which has been signed by 195 

countries until now, has the objective to keep the rise in the average global temperature well 

below 2ÁC above pre-industrial levels and to make efforts to limit this increase to 1.5ÁC [2]. 

Due to these commitments, the global installed capacity of variable renewable energies, mostly 

wind and solar PV is increasing. These renewable energies have many advantages: the levelized 

cost of electricity (LCOE) is lower than conventional sources such as thermal natural gas or coal 

plants, they do not produce greenhouse gas or other polluting gases emissions, and they can be 

produced locally, which reduces the energy dependency of countries. 

However, they have a drawback: the power generation from sun and wind is not constant or 

controllable. Power is produced when the sun rises, and when there is wind. This brings the 

necessity of adjusting the power demand to the power generation to preserve the balance of the 

system. For example, when there is more photovoltaic penetration, it will be necessary to shift 
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more consumption from nighttime to daytime hours. Besides, depending on the time and the wind 

and sun availability, there can be moments when these energies are less available than expected. 

The main objective of the European Union and other world powers is to become carbon neutral 

by 2050. In the mid and long term, this objective involves establishing an electricity system based 

mainly on wind and photovoltaic energy. The continuous development of these technologies will 

increase the problems mentioned above and will force the main electricity companies to develop 

systems to meet these new challenges posed by the new world electricity system, without relying 

on fossil fuel power plants. 

An important set of strategies which can act as an effective solution to these challenges in the 

electricity system are co-optimization, demand side management and dynamic pricing.  

2.1 Co-optimization 

Increasing renewable energy penetration into the grid helps with generating ñcleanerò electricity 

and reducing the carbon footprint. However, renewable energy sources pose multiple challenges 

in the proper power system operation, which include low inertia, stability issues, protection 

coordination issues, curtailment etc. Although a lot of solutions and strategies have been 

proposed to overcome some of those challenges, efficiency is an important factor which is often 

overlooked. The smallest increase in efficiency will have a huge economic impact on the system. 

The loss of efficiency in a system can be due to various reasons and an important reason for the 

same is the under-utilisation or wastage of available resources and the loss of energy due to 

multiple energy conversions. 

One widely applied approach to increase the energy system efficiency is by using combined heat 

and power (CHP) plants, where both heat and power vectors are dispatched simultaneously. CHP 

plants have advantages like high efficiency (over 80%), savings on energy bills (around 20%) and 

lesser carbon emissions (around 30%) [2]. Also, CHP plants, when operated in coordination with 

renewable sources like PV or wind, help to overcome the renewable energy curtailment problem 

which arises due to grid congestion and stability limits. 

 

Figure 2. General representation of a multi-energy system 
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Future power grids and microgrids will have multiple energy vectors governing the energy flow in 

the grid. The system will have solar, wind, heat, gas etc. on the source side and heat and 

electricity consumptions at the load side, along with storage elements. A generalised 

representation of a multi-energy system is shown in Figure 2. The energy vectors that constitute 

such a multi-energy system include renewable power generation sources like solar and wind, 

conventional sources like coal, natural gas and biomass fired plants, the electricity, heating and 

cooling networks and systems, cold storage, water pumps, water purification plants, waste 

processing plants, electric mobility etc. 

In that sense, the major energy systems that constitute a multi-energy system (MES) are electric 

power systems, district heating and cooling systems and natural gas systems. Generally, these 

sub-systems operate in parallel with small links which interconnect them as shown in Figure 3 [3]. 

Although they are interconnected, practically they are separated and independent of each otherôs 

operation, balancing, planning etc. most of the time. However, this absence of coordination in the 

operation of the sub-systems can result in the wastage of large amounts of energy, thus resulting 

in lower efficiency of the whole system.  

 

Figure 3. Major sub-systems in multi-energy systems [3] 

In an efficient and coordinated multi-energy system, energy sources of different domains act 

together to cater for the load demands. This is ensured by an effective interconnection of the 

various energy systems and optimal coordination between them. The energy hub where the 

energy conversions take place from one system to another, acts as an effective interconnection. 

Energy storage provides the necessary flexibility in maintaining the balance between the 

generation and demand of the various energy systems. 

The optimal scheduling of sources, loads and storage elements, i.e., co-optimizing multiple 

energy vectors will increase the overall energy efficiency of the system and help to overcome the 

renewable energy intermittency problem. When multiple energy sources are coupled, the flexibility 

of the system will therefore increase, where flexibility is denoted as the ability of the system to 

cope with the imbalances or disturbances in the system. The flexibility in the system is introduced 

by storage elements, controllable loads, and fast-acting sources. 
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A modular approach for balancing electrical and gas loads in PV and gas systems is proposed in 

[4]. There, it is observed that the electrical demand is higher in the daytime compared to gas 

demand and an opposite behaviour is observed in the gas network. Co-simulations of both 

networks are also carried out in this work. There are other similar works performed in literature, 

discussing the electricity and gas networks [5, 6, 7]. Linear models for the optimization of gas and 

electricity networks are discussed in [5]. Linear models are the most preferred and widely used. 

The energy flow analysis is conducted by Alberto et. al., for gas and electricity systems, where 

the effect of temperature and frequency regulation is investigated [6]. Similarly, models for co-

optimization are discussed in [7, 8]. In [7], a model for the electricity day-ahead market and steady-

state natural gas system is discussed. A static equivalent model for co-optimization is presented 

in [8]. 

 

Figure 4. Co-optimization linking of multi-energy system with circular linking [3] 

Table 1. The resemblance between DHS, EPS and NGS [3] 

 Electric Power System District Heating System Natural gas system 

Transmission Level High voltage High temperature High pressure  

Distribution Level Medium/low voltage Medium/low temperature Medium/low pressure  

Consumer Electric consumer Heat consumer Gas consumer 

Storage Hard to store Easy to store Easy to store 
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Heat and electricity integrated networks is another popular type of MES, which is drawing huge 

attention in the recent years. This is because of its growing number of applications in district 

heating systems (DHS), smart buildings and smart cities. Also, the heat storage element provides 

high flexibility to the system. A model which represents the dynamics of DHS in an electricity-heat 

combined network is discussed in [9]. A scheduling algorithm considering both electricity and heat 

pricing is proposed in [10]. 

As clear in the literature review above, a circular energy system and the co-optimization of the 

energy systems are essential. The circular energy system is shown in Figure 4. As an example, 

an electric power system (EPS) is shown where the excess power is used to provide heat by 

power-to-heat (P2H) units 

The resemblance between the major energy systems is presented in Table 1. The EPS, the district 

heating system (DHS) and the natural gas system (NGS) consist of generation, transmission 

systems, distribution systems and consumers [3]. The largest difference between the three major 

systems is the ability to store their energy. Thermal energy and gas can be more efficiently stored, 

compared to the electricity [3]. The systems are traditionally separated concerning their balancing 

and operation. That is, in a market scenario where all three subsystems exist, the scheduling has 

a time order. For example, in the Copenhagen area in Denmark, the scheduling of DHS is done 

first, then the EPS scheduling and NGS scheduling at the end. To increase the efficiency of the 

system, it is important to have an integration of multi-energy systems which provides sufficient 

flexibility. This can also be considered as a provision to provide demand side management (DSM) 

when the linking units between several subsystems are activated to increase the efficiency of the 

entire energy systems when needed. 

2.2 Demand Side Management 

Demand side management (DSM) emerged with the increase in the installed capacity of RES. As 

the RES-based generation is increasing, there are frequent fluctuations in the power system due 

to the intermittent nature of RES. DSM can be found in many forms, such as peak shaving and 

load shifting with the main goal to achieve the balance between generation and demand [11]. 

The most common aspects of DSM are [11]: 

¶ Peak clipping/shaving 

¶ Conservation 

¶ Load building 

¶ Valley filling 

¶ Load shifting 

¶ Flexible load shape 

Currently applied DSM mechanisms mostly include peak shaving and load shifting [12]. The DSM 

is activated in moments of lower electric demand.  

Demand-side management (DSM) [12], [13], [14], [15], [16], [17] is a term used to describe 

activities that try to influence changes in consumer behavior to lead to a reduction in electricity 

consumption. Generally, any demand-side action eventually modifies the load profile of the 

system. DSM includes any activity or program designed within the broader energy efficiency 
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function. Participants in each DSM program are carefully selected so that their collective response 

to the program results in energy savings or shifts in consumption. Therefore, the goal of any DSM 

program could be energy savings, peak load savings, or simply shifting consumption time from 

peak to off-peak periods. 

The implementation of DSM programs can introduce an improvement in the efficiency of power 

systems, reduce the financial burden on utilities to build new energy infrastructure, improve the 

environmental situation, and reduce the cost of energy delivered to consumers - thereby reducing 

operation and maintenance costs. In addition, it can lead to lower bills for consumers, enhance 

system reliability by reducing power shortages and outages, improve the national economy by 

improving the added value of the electricity sector, and increase job creation and new business 

ventures. 

 

Figure 5. Load shapes to different DSM methods [18] 

Planning and management of generation and network capacity have historically been the only 

methods used to maintain the balance between supply and demand in power systems. However, 

there is a need to increase demand-side flexibility due to the increased demands for flexibility 

brought on by the adoption of variable renewable generation sources like wind and solar.  

Additionally, the adoption of advanced metering infrastructures with smart meter deployment and 

intelligent loads like smart thermostats and schedulable white goods is resulting in increased 

communications and flexibility capabilities on the demand side (e.g., dishwashers and washing 
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machines). By reducing demand and resulting in the more effective use of generation and network 

capacity, enabling demand-side flexibility can benefit the system. 

Several researchers have worked on various DSM-related studies. Energy storage is employed 

in [19] to minimize consumers' power costs while also reducing peak load demand, while authors 

in [20] and [21] have suggested using energy storage and dynamic pricing to reduce peak load 

demand and load variability.  

The following is a summary of the various DSM-related actions, including energy efficiency. They 

also outline the range of goals that might be included in a potential intervention meant to influence 

changes in electricity consumers' behaviour. More specifically, the commonly categorized load 

management goals are shown in Figure 5. 

¶ Peak clipping is the lowering of grid load, particularly during times of high demand. Peak 

clipping causes a reduction in load demand at the time of peak system demand. They are 

typically implemented using direct load control (DLC) of appliances or devices by the 

consumer or using automated controls or communications, often smart meters. 

¶ Valley filling: Increasing load during off-peak hours to increase system load factors. Valley 

filling technologies are those that increase electricity demand during off-peak daily or 

seasonal periods, and generally during low-demand periods. Typical technologies used 

for valley filling include electric vehicles, which can be charged during periods of low 

system load; battery energy storage so that they can be recharged during periods of low 

demand; and heat pump space conditioning, where cooling or heating water use is 

integrated into a storage device so that it does not operate during peak periods. 

¶ Load shifting involves reducing grid load during periods of high demand while concurrently 

increasing load during off-peak times. The technologies involved typically include the 

control and modification of industrial operations or the storage of electrical and/or thermal 

energy for space heating, cooling or domestic hot water heating, in such a way as to shift 

high energy loads to times that best serve the energy system. 

¶ Energy efficiency: cutting back on consumption or using more energy-efficient appliances 

to lighten the load during the day. This can be achieved by promoting the replacement of 

household appliances with new, energy-efficient ones, incentives for building envelope 

replacement and other methods of designing energy-efficient buildings and households. 

¶ Flexible load shapes are agreements and fees that allow for flexible regulation of 

consumers' equipment. Flexible load-shaping technologies are those that enable a truly 

integrated grid facilitating dynamic control and response to both consumer load and the 

use of distributed production and storage. Control can be direct or through stand-alone 

operators or through the use of controllable appliances or energy management systems. 

The following are two primary categories and certain subcategories into which DSM programs are 

divided [22]: 

¶ Incentive Based Programs 

¶ Ancillary Service Market Programs 

During times of system need or stress, incentive-based demand response programs give 

incentives to customers who cut back on their electricity usage. Customers can lower the level of 
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demand they place on distribution networks and the electric grid by changing or slowing down a 

production process, transferring load to off-peak times, or operating on-site distributed generating. 

The second type of demand response consists of time-based prices. A number of time-based 

prices are offered directly to retail customers. Customer demand response, motivated by time-

varying price signals, is a way for electricity customers to move away from flat or average pricing 

and promote more efficient markets. An example of such a method is the introduction of a night-

time electricity tariff with a different and more flexible charging of electricity during the night hours 

in order to vary flexible loads (white goods such as washing machines) by a preselected period 

of time resulting in more uniform daily load curves.  

DSM can be carried out using direct load control (DLC) in a variety of ways.  For example, in [23] 

and [24], an optimization algorithm is proposed that can be deployed as on/off to manage and 

control the load in residential and industrial facilities. DLC can also be used to reduce peak load 

for large-scale demand response in residential buildings [25] while in [26], an optimization 

technique based on dynamic scheduling is used to achieve the optimal DLC strategy. A genetic 

algorithm is used to optimize the scheduling of direct load control strategies in [27], and integer 

linear programming is used for the same problem in [28]. It is worth mentioning that some DLC 

optimization algorithm is used for some appliances in a household, for example for refrigerator 

and air conditioning in [29], [30], [31]. However, in [16] the algorithm developed covers a variety 

of appliances at different types of loads; commercial and residential. 

 

Figure 6. Domestic energy system with solar generation [41] 

In addition, authors in [32], [33], [34], [35], [36], [37], [38], [39], [40] focus on day-ahead load 

scheduling to reduce electricity costs to consumers, focusing on consumers that generate and 

store energy to reduce the energy they receive from the grid. For example, in [37], the 

management of consumption due to air conditioning units is proposed in order to allow consumers 
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with small air conditioning units to participate in load management programs (incentives to reduce 

monthly energy consumption). In [38] the management of consumers who own and use electric 

vehicles is investigated by coordinating the charging of the vehicles with the behaviour of the grid 

(voltage limits, total load losses). At the same time, in [39], [40] models have described that try to 

identify the optimal time points for starting the charging of an electric vehicle in order to minimize 

power conversion costs and charging distribution problems in EVs. 

 

Figure 7. Operation of EVs in DSM schemes & smart devices [42] 

Demand-side management is considered often in combination with smart grids, where energy 

providers receive information about the demand profile of consumers and the energy cost is 

adjusted accordingly. Conclusions from studies [43], [44], [45], [45], [46] highlight that the daily 

demand profile becomes smoother and more controllable through various DSM techniques. An 

example of this can be found in [44], [45], [46] where game theory is instrumented into the 

interaction of the energy provider and the consumer to estimate the trend of the optimal demand 

profile based on a given energy price. 

The literature also refers to the optimization of the operation of a microgrid in [47], [48], [49], [50], 

[51], in order to make optimal use of RES and reduce dependence on the energy grid. In 

particular, the combination of PV with storage is investigated in [47] & [48], where in [48] such a 

coupling is investigated in the context of residential generation. The utility of residential PVs is 

also highlighted in [50] and [51] where the quality of the low voltage grid is studied. 

The studies in [52], [53], [54], [55], [56], [57], [58], [59], [60] explore load scheduling schemes in 

a smart grid environment to improve the quality of the power grid and enable consumers to shape 

their generation and consumption patterns using optimal residential load scheduling models. 

These studies also present the coupling of renewable generation and energy storage systems in 

batteries. Similarly, in studies [61], [62], [63], [64], [41], the ability of DSM strategies to work 
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positively towards reducing energy costs by dynamically scheduling various household 

appliances is highlighted. 

2.3 Dynamic Pricing 

The European Commission presented the "Clean Energy for all Europeans" [65] on November 

30th, 2016. This package aims to establish an Energy Union, shifting the system to security, 

integration, efficiency, affordability, and sustainability. With these new legislative proposals, 

clients have more accessibility to the market and the transparency of the costumerôs consumption 

is expected to increase. The final objective of the European Union is to allow all players to 

participate in demand response mechanisms. 

Over the past few decades, much work has been done to improve global energy efficiency and 

develop a circular economy to reduce electricity consumption. However, these measures must be 

supported by other types of systems that allow for the restructuring of the schedules of different 

energy demands. This is where the term "demand response" comes into play. 

The key element to deploying a global demand response system is smart meters. Through this 

tool, small consumers can measure their consumption and analyze their electricity bills more 

accurately in order to change the patterns and reduce overall costs. Although the specific 

characteristic of this system varies depending on the country, the main purpose is the same as 

the European Union. 

Demand response refers to the ability of customers to change their electricity consumption as the 

price of electricity changes. The Federal Energy Regulatory Commission (FERC) defines demand 

response as: ñChanges in electric usage by demand-side resources from their normal 

consumption patterns in response to changes in the price of electricity over time, or to incentive 

payments designed to induce lower electricity use at times of high wholesale market prices or 

when system reliability is jeopardized 

 

Figure 8: Procedure of a demand response program 

In [66], [67], [68], [69], [70], [71], [72] reference is made to Demand Response systems where 

users are motivated to reduce their energy consumption during peak load hours. For example, in 

real-time demand response pricing models, the cost of energy is dynamic and changes 

throughout the day to direct consumers, which may cause confusion and difficulty for consumers 

to adjust their loads in real time. There is also the potential for peak load to be identified with a 

period of low pricing  [68]; in time-of-use pricing models energy prices are predetermined and 
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consumers determine their daily load accordingly. In peak load management, and the volatility it 

brings to the system, it is more helpful to establish a time-of-use billing price with a maximum 

demand limit so that peak load is cut off. Studies have also been done on the load control 

approach with linear scheduling [69], where it is shown that consumers pay lower amounts for 

energy upon participation in the demand response model. Studies have also explored smart 

energy pricing to reduce electrification costs by proposing demand response power scheduling in 

smart grids [70]. On the other hand,  [71] and [72] report on the use of linear scheduling to manage 

large-size consumers to reduce peak load.  

Figure 8 is a simplified scheme of how a demand response program works. The main objective 

of this mechanism is to reduce system overloads at times of high demand, shifting these 

consumptions to times when consumption is lower. To achieve these pattern changes, different 

methods can be carried out, with the most significant of them depicted in Fig. 9. 

 

Figure 9: Different categories of demand response [73]. 

As can be seen, there are two different types of incentives. Incentive-Based programs correspond 

to those methods that aim to reduce the global load of the system during peak hours by offering 

payments to the customers. Within this type, six different types of incentives can be distinguished. 

They differ in the way that they operate. While direct load control programs allow companies to 

directly disconnect customers' loads, other types of programs are focused on contingencies, 

emergency demands or ancillary services. 

The following incentive-based programs exist [74]: 

¶ Direct load control program: In these programs, the companies can remotely shut down 

the electrical devices of the consumers, for instance, water heaters and air conditioners, 

to reduce the power demand in peak hours. Consumers are compensated with lower 

electricity prices and other incentives. This program is normally used in peak demand 

hours. Consumers can choose if they participate in these programs and are not penalized 

if they do not want to. 

¶ Interruptible service program: In these programs, customers are asked to reduce their 

power demand to a pre-specified level in hours when the demand is very high. They decide 

to participate in the programs voluntarily, and in exchange, they receive incentive 

payments or lower electricity prices. The reduction of the power demand is voluntary, the 
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company cannot shut down the devices. If a consumer participating in the program is 

asked to reduce their consumption and if not, they can face penalties. 

¶ Demand bidding/buyback programs: This system has been recently developed. 

Consumers are encouraged to offer a price for reducing their load or to give information 

about the amount of load that they can reduce by being offered different payments.  

¶ Emergency demand response program: Incentive payments are offered to customers who 

reduce their power demand during reliability-triggered events. Customers are not 

penalized if they do not reduce their consumption, since the program is voluntary. 

¶ Capacity market program: In these programs, customers can offer to commit to reducing 

their load at a predefined amount during system contingencies, being paid for it. These 

programs are offered by wholesale market providers and are called on a one-day notice. 

If the customer does not reduce its consumption when required, it is penalized. Normally, 

the ability of a consumer to reduce the load is analyzed before it is included in the program. 

¶ Ancillary service program: Customers can bid load curtailment as an operating reserve in 

the spot market. Customers are paid the market price if their bids are accepted and are 

paid the spot market energy price if the load curtailment is needed. However, customers 

must be able to adjust their load quickly to any requirement. 

On the other hand, time-based programs are generally based on dynamic pricing rates and time-

based rates. The principal purpose of these methods is to vary the price of electricity according 

to demand, reaching high prices at peak demand times and low prices at off-peak times. Within 

this type, three different programs can be distinguished. 

The most elemental is the time-of-use use program (TOU). This system changes the price of the 

electricity unit depending on the block hour. This usually has two-time blocks, a peak block and 

an off-peak block. In the first one, the price of electricity is higher due to the high demand while 

in the other the price decrease. The block hours are fixed and do not depend on the power 

demand and generation at each moment or day. In general, block hours are determined at least 

one year in advance. 

The second type of program is real-time pricing (RTP). In this system, the price of electricity varies 

hourly depending on the real cost of power. The main RTP programs are day-of versus day-ahead 

pricing, mandatory versus voluntary and one-part versus two-part pricing. In these programs, 

customers can save more money if they are able to adapt their consumption to the price but can 

pay much more if they do not. For this reason, it is riskier for consumers. 

Real-time pricing is used in  [75], [76] to account for the welfare of the client. According to the 

authors of  [77], linear programming enabled a considerable reduction in peak load and electricity 

costs for an industrial load section. Game Theory is another widely used application for energy 

management. This optimization technique is applied to smart grids while taking the time of usage 

prices into consideration in  [78],  [79]. 

Finally, the third time-based program is critical peak pricing (CPP). This program is a variant of 

the first and is designed to reduce demand at critical times in the network. Due to this programôs 

aim to reduce the load at critical moments, it usually only operates for a few hours throughout the 

year. The price of electricity is the actual cost of power generation in peak demand hours, being 
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very high. In exchange for paying very high prices at these hours, the remaining hours of the year 

have a subsidized electricity price. 

In the Peak Time Rebate (PTR), instead of paying more for the electricity, such as in the critical 

peak pricing method, customers are paid to reduce their electricity demand during peak hours. In 

this system, the client can have a flat rate in non-peak hours and receive a cash rebate for each 

kWh it does not use in peak hours. 

Another option is the Peak Load Reduction Credits, which can be offered to consumers with large 

loads. These consumers can participate in pre-established peak load reduction agreements, 

reducing the commitment of a utility to have an installed power capacity.  

Once the main types of time-based programs have been explained, two key elements to establish 

a profitable dynamic pricing system will be broken down. 

When establishing a load profile, it is necessary to know how to predict what the electricity prices 

will be. To maximize savings, it is necessary to carry out an accurate prediction of which hours of 

the day or the seasons in which the price of electricity will be lower and thus increase the loads 

[80]. For example, if an approximate forecast is made, small consumers will be able to determine 

at what time to activate their flexible loads and will thus be able to maximize savings. In addition, 

the larger the savings, the faster it will be spread among small and medium-sized consumers, 

thus reducing network fatigue, and minimizing the need for expansion and improvement of current 

electricity networks. 

On the other hand, it is also necessary to know the electricity demand elasticity. Identifying this 

parameter, the price of electricity can be determined based on changes in demand. Figuring out 

the relationship between the price and the demand, price signals systems could be established 

in order to improve active demand management.  

The equation to determine electricity elasticity demand is presented below [81]. 

ὰὲὈ ‍ὰὲὖ ‍ὰὲὖ ‍   Ὀ ‍  ὼ Ὀ ὅ 

In this equation: 

 ὖὩὺ is the variable electricity supply price. 

 ὖὩὪ is the fixed electricity supply price. 

 ὈὬ is a dummy variable about the level of consumption (peak, valley, etc.). 

 Ὀί is a dummy variable regarding the daily demand seasonality (working days, weekend, holidays, 

etc.) 

 ὅ is a constant. 

 ‍ represents the corresponding weights. 

Through this equation and linear regressions or generalized method of moments (GMM), demand 

can be calculated based on the different prices and other variables that will be explained. ñ 
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With this equation and others similar, suppliers can determine the variation of the demand based 

on the price and the other way around. This is crucial to develop big-scale models to understand 

fluctuations and achieve the maximum savings and the minimum overloads with the minimum 

demand disconnected and the right value of the price. In Europe, new tools are being developed 

to connect or disconnect loads at certain maximum or minimum electricity prices.   

Cambridge Econometrics has carried out a study to figure out the main cost saving of a dynamic 

price system compared to a fixed price system [82]. Following the report, it can be affirmed that 

within the seven consumptions measured in the study, the four with more potential are: washing, 

dishwashing, tumble drying and Electric Vehicle Charging. 

 

Figure 10: Cost of different contracts of EV charging 

The figure above shows the results obtained from the tests carried out in the archetype household 

to measure the consumption of EV charging in this case. As can be seen, in 2020, the 

establishment of a dynamic system involved greater savings than the fixed price. However, in 

2021, due to price increases in dynamic rates, the fixed price option is better than the dynamic 

one. 

This implies that even though dynamic rate pricing can be beneficial, they can also be detrimental 

if rate prices rise. In order to determine the best option, three variables must be taken into account. 

The first one is seasonality. Although it is important to know the average annual price of electricity, 

but it is also necessary to have more detailed information. Peaks or valleys in prices and 

consumption in certain months may mean that one rate or the other must be chosen. 

Secondly, the flexibility of consumption must be considered. It is a key element to know if it is 

possible to change their consumption patterns. In the cases where this load can be displaced, 



 
 

 

 D3.1 Report on the Co-optimization Tool and DSM Scheme                                                 [28]                                                                             

 

dynamic prices are more likely to be better. This is due to the fact that lower prices can be located, 

and major savings can be achieved. 

Finally, it is important to be informed of the prices and consumptions of the last years. This may 

be beneficial to understand certain patterns of the system and to be able to make the best 

decision. To conclude this description of the dynamic pricing mechanisms, the demand pricing 

systems of some European countries will be explained. 

In Finland, roughly 10% of electricity users have some type of dynamic pricing program [83]. With 

this system, the final price of electricity varies from the Nord Pool spot price for the price area of 

Finland. The final clients pay the hourly price added to a retailerËs premium rate and a monthly 

fixed fee. They can follow the hourly price of electricity for the next day. These prices are based 

on the spot market timetable. 

In addition, there are different offerings in the market that allow for improving the cost of heating 

hours. This optimization is based on actual heating capacity and weather conditions. A unit control 

analyzes the variables and sends price alerts to the customers to inform them how the best 

optimization can be achieved. In the best cases, it saves up to 15 % of the cost. 

In its neighbouring country, Norway, time-based programs play a key role. This country produces 

96% of its electricity through hydroelectric power plants. The low cost of electricity production 

through this technology has led to a high degree of electrification. Currently, 4.5% of cars sold are 

electric and alternatives fuels vehicles account for 18.31% of the total fleet [84]. Also, more than 

60% of houses have electric heating systems. 

In 2018, 71% of households and 88% of SMEs had real-time pricing tariffs. These tariffs are 

flexible and allow clients to change the supplier at any time and choose a ñvariable price contractò 

which includes Time of Use tariffs. However, consumers' lack of attention to electricity price 

variations means that in many cases the choice of this type of tariff means an increase in the total 

bill. This example allows claiming that although in many countries dynamic pricing tariffs are not 

yet in place, they will be consolidated as electrification increases. Finally, the situation of dynamic 

electricity prices in the Italian electricity system will be briefly explained. 

This country was one of the first in Europe that established this type of system. Around 25 million 

consumers have these tariffs. However, although the price fluctuations reach 10%, it is only 

reflected in a variation between 3 and 7% of the final retail electricity price. Even so, more than 

60% of households have decided to set up this type of tariff. 

In conclusion, it can be stated that variable price tariffs have an increasing penetration in the world 

electricity system. In order to maximize both monetary and electricity savings, it is necessary to 

make it as easy as possible for the average consumer to access platforms where they can easily 

see what their consumption peaks are and at what times they should change their demand to 

obtain maximum savings. 

In the case where customers do not want to change their consumption habits, these types of 

tariffs can result in a price increase. This means a slowdown in the expansion of this type of tariff 

and even a move back to fixed-price tariffs that increase overloads and reactive needs at peak 

and off-peak times.  
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3 Co-optimization of Multi-energy System 

3.1 Overview 

The section presents the formulation of the co-optimization algorithm developed as part of Task 

3.1 of the RE-EMPOWERED project. The algorithm is developed in a generalised multi-energy 

system context, which consists of various types of generators and loads under various domains 

of energy vectors. The adaptation of the generalised algorithm for different applications and the 

possible implementation in each demo site are summarised at the end of the section. 

3.2 General formulation for Co-optimization of Multi-energy system 

The co-optimization algorithm is associated with the task of determining the optimal usage or 

scheduling of various energy sources and energy storage elements in a multi-energy system, so 

that the system runs at the most economical state while catering for the various load demands of 

the system. The algorithm also tries to ensure that energy wastage is reduced, and renewable 

resources are utilised to their maximum, thereby increasing the efficiency of the overall system. 

This is achieved by utilising the potential flexibilities of storage elements and non-critical and 

flexible loads in the system. 

The major energy systems considered for the formulation of the co-optimization algorithm for a 

generalised multi-energy system are Electrical Power System (EPS), District Heating System 

(DHS) or District Cooling System (DCS) and Natural Gas System (NGS). Apart from the general 

electrical demands, the generalised system also considers other flexible demands, which include 

heating and cooling, electric boilers, cold storage, water pumps, water purification plant, waste 

management plant, electric mobility, power-to-gas generators etc. 

The development of the co-optimization problem involves defining a cost function which can 

effectively represent the objectives and a set of constraints which can effectively represent the 

operation, security, and availability limits of the resources.  

One of the main constraints that is associated with all the energy systems in the multi-energy 

system is the balance equation. The balance equation represents the balance of generated power 

to the demand and losses in the system as given by (1). 

ὋὩὲὩὶὥὸὭέὲ ὄὥίὩ ὈὩάὥὲὨ  ὊὰὩὼὭὦὰὩ ὈὩάὥὲὨὒέίίὩί   (1) 

The generation constitutes the power from various fixed and flexible generation sources. The 

base demand constitutes the critical demand of the system which must be served as part of the 

various generation sources. The flexible demand is the demand which is time shiftable or 

adjustable to achieve the minimisation of the cost function. The flexible generation and demand 

are the ones which facilitate the potential for optimization in the system operation. 

The various components in the different energy vector systems and their modelling to determine 

the associated constraints are explained in the following sub-sections. 
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3.2.1 Components and modelling of EPS 

The EPS consists of various generators and electrical loads in the system. The generation 

comprises various conventional units like coal-fired plants, biogas-fired plants etc. and renewable 

generation like photovoltaic, wind farms etc. Some of these generation act as interconnection with 

the other energy sub-systems, like the biomass-fired plants are connected to the heating sub-

system through combined heat and power plants (CHP). The loads in the system can include 

various demands in the domains of lighting, heating, cooling, mobility etc. An added flexibility in 

the system is attained by the effective use of storage devices like battery energy storage systems 

(BESS). 

In the case of independent and segregated working of EPS, the optimal scheduling of the energy 

sources in the system is obtained using an alternating current optimal power flow (ACOPF) 

algorithm. The ACOPF is a complex non-linear problem considering the exact network model and 

various system variables like the voltage, angle, and active and reactive power associated with 

all the buses of the network. A simplified approach can be considered which makes sure that the 

electricity demand in the system is balanced by the various generations and storage elements in 

the system resulting in the economic dispatch of the various sources. That can be represented 

using the power balance equation given by (2) which acts as the main constraint of the 

optimization problem that is associated with the EPS. 
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Where, 

ὖ  - Power output from conventional generation ὅὋ, 

ὖ  - Power output from gas fired power plant ὋὊὖὖ 

ὖ  - Power output of renewable generation ὙὉὛ 

ὖ  - Power import through the interconnection Ὅὅ 

ὖ  - Power export through the interconnection Ὅὅ 

ὖ  - Power associated with discharging of battery ὄὉὛὛ 

ὖ  - Power associated with charging of battery ὄὉὛὛ 

Ὀ  - Base electrical demand of the system 

Ὀ
ͺ

 - Demand from the flexible electrical load ὊὒͅὉ 

Ὀ  - Electric power demand of electric boiler Ὁὄ of DHS 

Ὀ  - Electric power demand of heat pump Ὄὖ of heating/cooling system 
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Ὀ  - Electric power demand of circulating pump ὅὖ of heating/cooling system 

Ὀ  - Electric power demand of power-to-gas converter ὖςὋ 

ὖ  - Curtailed renewable generation in the system 

   
The generation using gas-fired power plants and demand from power-to-gas converter act as an 

interlinking unit of EPS with NGS. The electrical demand of electric boiler, heat pump and 

circulating pump act as the interlinking component of EPS with the DHS and DCS energy systems.  

It must be noted that during the operation, only one, either import or export and similarly charging 

or discharging can be active. Therefore, additional binary variables must be included in the model 

to ensure that only one process is active at a time. The base electrical demand constitutes the 

critical and non-flexible demands in the system. An aggregated model is utilised to specify the 

forecast of this load. The power output of the renewables and the base electrical demand are the 

forecasted values in case of day-ahead optimization. These act as parameters of the power 

balance equation. The rest of the variables including the conventional power generations, power 

export/import, battery charging/discharging power, flexible electrical demand and renewable 

curtailment are optimised subject to the various operational, security and availability constraints 

like, 

 Generation and Storage Capacity: The various conventional generations are associated with their 

minimum and the maximum capacity of generation. The storage devices are also associated with 

maximum and minimum storage limits. 

ὖ ὖ ὖ  ȟ ὅᶅὋɴ ɱ  (3) 

 Ramp rate Limits: The conventional generators are also associated with ramp rate limits which limit 

the maximum permissible change in the generation between adjacent time instants. 

ὖ ὖ ὖ  ȟ ὅᶅὋɴ    (4) 

 Transmission Capacity: The various interconnection to other networks or grids are associated with 

a line capacity limit. 

π ὖ ὖ ὼ  ȟ Ὅᶅὅɴ ɱ  (5) 

π ὖ ὖ ὼ  ȟ Ὅᶅὅɴ ɱ  (6) 

ὼ ὼ  ρ  

 Limits on charging and discharging of BESS: The permissible rate of charging and discharging of 

the battery system acts as a constraint on the utilisation of flexibility. 

π ὖ ὖ ὼ  ȟ ὄᶅὉὛὛɴɱ  (7) 

π ὖ ὖ ὼ  ȟ ὄᶅὉὛὛɴɱ  (8) 

ὼ ὼ  ρ (9) 

 Demand constraints on flexible demands: The constraints associated with flexible loads are 

described by the characteristics or limitations on the scheduling of these loads. This can include 
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various parameters like the limits on time interval for the scheduling, acceptable variations in the 

demand, continuity in scheduling etc. 

3.2.1.1 Flexible demands in EPS 

Apart from selecting the appropriate source of electrical power, the co-optimization also utilizes 

flexibility in various demands to achieve an optimal scheduling while satisfying the power balance 

constraint. These demands include demands from large loads like water-pumps, waste 

management plants, cold storage, electric mobility etc. 

The flexible demands can be attributed to the following four flexibility characteristics [85]. All the 

flexible demands in a multi-energy system can be associated with one or more of these 

characteristics.  

¶ Shiftable: The commencement of these demands is not fixed and can be moved within the 

scheduling horizon while confirming no interruptions in between. 

¶ Adjustable: The energy demand of the load can be exceeded or curtailed from the nominal 

value at each sampling instant in the scheduling horizon. 

¶ Pliable: The energy demand profile can be manipulated in the scheduling horizon while 

ensuring the total energy demand is satisfied. 

¶ Interruptible: The energy demand can be paused between sampling instants in the 

scheduling horizon. 

The water pumps are generally common to EPS systems and cater for the water demands of 

various consumers in the system. This pumping system can be associated with water storage 

which supplies the variable consumption during the day. Based on the demand forecast, the total 

water requirement for each prediction horizon can easily be determined which can be translated 

into the energy demand of the water pump. The optimization should ensure to satisfy the energy 

demand and thereby water requirement is satisfied. Therefore, water pumps can be considered 

as a pliable-interruptible demand where the pump shall be operated at intermittent instants of 

schedule horizon so that the total energy demand or water demand is satisfied for the schedule 

horizon. The associated constraint is given by (10) where Ὁ ͺ  represents the total energy 

demand of the water pump. 

Ὀ
ͺ
Ўὸ

ᶰ

Ὁ ͺ  ȟ ὊᶅὒͅὉᶰɱ ͺ (10) 

Flexible loads like water purification and waste management plants are considered shiftable loads 

which cannot be interrupted during the operation. Hence, when these plants are turned-on, it must 

be ensured that the operation is maintained until the processes are completed. This normally 

accounts for a fixed demand or a predefined demand profile which must be served at some point 

of the schedule horizon. 

The charging demand for electric mobility mainly consists of electric four-wheelers and electric 

boats. For a smart and effective charging and optimal scheduling of charging of these electric 

vehicles, it is important to have a better understanding of the discharging profile which in turn 

depends on the travel pattern of the vehicle.  
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In the case of public mobility systems like the electric boat with a predefined schedule of its 

operations, it might be easier to determine this demand or discharging profile ὓ  of the battery 

system of the electric vehicle. These usage patterns can be utilized to develop the model of the 

electric-mobility system and can take part in the optimization while ensuring that a minimum state-

of-charge Ὁ  is maintained during the prediction horizon. The associated constraints can be 

given as (11)-(12).  

Ὁ Ὁ Ὀ ὓ Ўὸ (11) 

Ὁ Ὁ Ὁ  (12) 

The charging demand Ὀ  of the vehicles can be considered as a flexible demand. In this case 

the charging demand of the electric vehicle is a shiftable-adjustable and interruptible flexible 

demand (ñsmart chargingò). Additional constraints are also required to avoid the charging to take 

place during discharging or usage period and limit the charging schedule during the time instants 

when the vehicle is not in use. 

In the case of other electric vehicles which are generally not associated with a predefined usage 

pattern, it will be difficult to model the discharge characteristics of the battery system. In this case, 

it is better to consider the forecasted load demand of the charging station which cannot be 

considered a flexible load (ñdumb chargingò). The forecasted charging demand for the charging 

station can be added to the base load demand of the system. 

The heating/cooling demands are served using electric boilers, and electric heaters. Details of 

the modelling of heating and cooling systems and the components linking to EPS and NGS are 

described in the following sub-section. 

3.2.2 Components and modelling of DHS and DCS 

The main component of the DHS are the boilers which heat up the water, and the heating network 

which is used for transferring the heat to the consumers. The boiler can use a wide range of 

resources as input like electricity, biomass, fossil fuel, gas etc. Electric boiler and heat pumps are 

key elements which links the DHS with the EPS in a multi-energy system. The hot water from the 

boiler is fed to the heating demand consumers through the district heating network. DHS 

constraints are split into hydraulic model, thermal model, and scheduling operating constraints 

3.2.2.1 Hydraulic model 

The hydraulic model consists of equations for the continuity of flow which indicates that the mass 

flow entering the node equals the mass flow leaving the node and consumption at that node as 

shown in (13).  

ὃ ά ὃ άʐ ȟ ȟ άᶅᶰɱ  (13) 

where ά  notes the mass flow entering or leaving the node, ά ȟ  notes the mass flow at the 

consumption or production node, while ὃ is the network incidence matrix. ὃ is a vector with the 
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length equal to number of nodes. As the DHS consists of supply and return pipelines, (13) is 

considered for both.  

The transfer of energy through the heating or cooling network using the liquid, which is generally 

water, is done using a circulating pump. The electrical demand associated with the circulating 

pump depends on the heating or cooling demand and the pressure losses in the network. To 

estimate the power consumption associated with the circulating pump, it is important to model the 

heating or cooling network and the pressure losses along the network. 

3.2.2.2 Thermal model 

The nodal heat balance equation for the thermal model is presented in (14). The heat balance 

equation is constituted by the heat from various components in the DHS or DCS. The energy 

generated is balanced by the demand and losses in the system. 

Ὄ

ᶰ

Ὄ

ᶰ

Ὄ

ᶰ

Ὄ

ᶰ

Ὄ Ὄ

ᶰ

Ὄ Ὄ

ᶰ

Ὄ  

(14) 

Where, 

Ὄ  - Thermal energy from conventional boiler ὅὄ 

Ὄ  - Thermal energy from gas fired power plant ὋὊὖὖ 

Ὄ  - Thermal energy from electric boilers  Ὁὄ 

Ὄ  - Thermal energy from heat pumps Ὅὅ 

Ὄ  - Thermal energy output from the thermal energy storage ὌὡὝ 

Ὄ  - Thermal energy input to thermal energy storage ὌὡὝ 

Ὄ  - Base thermal demand 

Ὄ  - Flexible thermal demand 

Ὄ  - Heat energy loss in the distribution network 

 

In the case of DCS, the heat balance equation will be the cooling demand balance equation which 

has the same form as that of (14) with Ὄ  replaced as the cooling power or demand ὗ . 

Conventional boilers include coal-fired boilers, biogas boilers etc. The difference in the 

temperature decides if the energy is produced or consumed. The temperature difference is 

calculated as the difference between the final temperature and the initial temperature. 

Superscripts S and R denote the supply and return pipelines. Ὕ  and Ὕ  denote the supply and 

return temperatures at nodes, while ὧ denotes specific heat capacity of water. 

Ὄ
Ὕ Ὕ ά ὧὝ Ὕ

Ὕ Ὕ ά ὧὝ Ὕ
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As an important parameter, the water temperature must be maintained within certain range. The 

temperature mix equations for supply and return pipelines are shown in (15) and (16) respectively. 

Ὕ
Ⱦ

denotes temperature at a node in supply or return pipelines. Ὕȟ and Ὕȟ denote outlet 

and inlet temperature of the supply pipelines respectively, while Ὕȟ and Ὕȟ denote outlet and 

inlet temperature of the return pipelines respectively. The temperature drop equation is shown in 

(17) and (18). 

ά Ὕȟ ά ȟὝ Ὕȟ ά ȟ άᶅᶰɱ ȟ ȟ (15) 

ά ȟὝȟ ά ȟὝ Ὕȟ ά ȟ άᶅᶰɱ ȟ ȟ (16) 

Ὕȟ Ὕ Ὕȟ Ὕ Ὡ ȟ ᶪάὲᶰɱ  (17) 

Ὕȟ Ὕ Ὕȟ Ὕ Ὡ ȟ ᶪάὲᶰɱ  (18) 

In addition to mentioned equation, the constant temperature input from the heat source is 

considered. 

3.2.2.3 Scheduling operating constraints 

As a part of scheduling operating constraints, the limitations to the variables are required. The 

mass flow limits, the inflow and outflow temperature, and the supply and return temperatures are 

limited as shown in (19)-(27). The thermal energy storage balance is given in (28) and (29). 

Operational limitations and the ability of only one process to take place are given in (30)-(35). 

ά ȟ ά ά ȟ ȟ ᶪάὲᶰɱ  (19) 

ά ȟ ά ά ȟ ȟ ᶪάὲᶰɱ  (20) 

άή άή άή ȟ άᶅᶰɱ  (21) 

Ὕȟ ȟ Ὕȟ Ὕȟ ȟ ȟ ᶪάὲᶰɱ  (22) 

Ὕȟ ȟ Ὕȟ Ὕȟ ȟ ȟ ᶪάὲᶰɱ  (23) 

Ὕȟ ȟ Ὕȟ Ὕȟ ȟ ȟ ᶪάὲᶰɱ  (24) 

Ὕȟ ȟ Ὕȟ Ὕȟ ȟ ȟ ᶪάὲᶰɱ  (25) 

Ὕȟ Ὕ Ὕȟ ȟ άᶅᶰɱ  (26) 

Ὕȟ Ὕ Ὕȟ ȟ άᶅᶰɱ  (27) 

Ὁ Ὁ Ὄ Ὄ Ўὸȟ ὌᶅὡὝɴ ɱ ȟᶅὸɴ Ὕȟὸ ρ (28) 

Ὁ Ὁ Ὄ Ὄ Ўὸȟ ὌᶅὡὝɴ ɱ ȟὸ ρ (29) 

Ὁ Ὁ Ὁ ȟ ὌᶅὡὝɴ ɱ ȟᶅὸɴ Ὕȟὸ ρ (30) 

π Ὄ Ὄ ὼ ȟ ίᶅɴ ɱ ȟᶅὸɴ Ὕ (31) 
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π Ὄ Ὄ ὼ ȟ ίᶅɴ ɱ ȟᶅὸɴ Ὕ (32) 

ὼȟ
ȟ ὼ ρȟ ίᶅɴ ɱ ȟᶅὸɴ Ὕ (33) 

ὼ ᶰπȟρȟ ίᶅɴ ɱ ȟᶅὸɴ Ὕ (34) 

ὼ ᶰπȟρȟ ίᶅɴ ɱ ȟᶅὸɴ Ὕ (35) 

Based on everything mentioned above, Figure 11 is an example with a few equations that are 

included in the model. It should be noticed that the same equations must be implemented for 

every supply and return pipeline, every source of heat, and every load. This is excluding the water 

pumps, water pressures and heat exchangers. 

 

Figure 11. DHS and example of equations 

DHS consists of a few non-linear terms, such as nodal mass balance equation, temperature drop 

and temperature mix equations. The equations in DHS are linearized by Taylor's first-order 

approximation. 

3.2.3 Components and modelling of NGS 

The flow equation for the gas pipeline is given in (36), where ὴ and ὴ  denote inlet and outlet 

pressures in the pipeline, while the pipeline parameters are expressed through parameter ὧ . 

Ὃ  denotes a gas flow in the pipeline n-m. The nodal balancing equation is given in (37), where 

Ὃ  denotes the supply from the gas source. Ὃ  and Ὃ  denote import and export of 

gas, while Ὃ  and Ὃ  denote gas withdrawal from the gas storage and gas injection to 

gas storage. Ὃ  denotes the gas production by the P2G unit. Ὃ  denotes the gas demand.  

 ὴ ὴ ὅ Ὃ ȟᶅ ὲάᶰ   (36) 



 
 

 

 D3.1 Report on the Co-optimization Tool and DSM Scheme                                                 [37]                                                                             

 

 
Ὃ

ᶰ
Ὃ Ὃ

ᶰ

Ὃ Ὃ
ᶰ

Ὃ
ᶰ

Ὃ Ὃ
ᶰ

Ὃ
ᶰ

Ὃ ȟ ὲᶅȟάᶰ 
ᶰ

 (37) 

The gas source and interconnections are limited to the minimum and maximum technical 

capacities as shown in (38)-(40). The important variables, such as flow and pressures are limited 

in (41)-(42). The limitations and state of energy of the gas storage are given in (43)-(45). 

 Ὃ Ὃ Ὃ ȟ Ὣᶅᶰ   (38) 

 
π Ὃ Ὃ ὼ ȟ Ὥᶅὧɴ   (39) 

 
π Ὃ Ὃ ὼ ȟ Ὥᶅὧɴ   (40) 

 Ὃ Ὃ ȟ Ὃ ȟ ᶪὲάᶰɱ  (41) 

 ὴ ὴȟ ὴ ȟ άᶅᶰɱ  (42) 

 
ὛὕὉ ὛὕὉ Ὃ Ὃ ȟ ὛᶅὝɴ ɱ ȟὸ ρ 

(43) 

 
ὛὕὉ ὛὕὉ Ὃ Ὃ ȟ ὛᶅὝɴ ɱ ȟᶅὸɴ Ὕȟὸ ρ 

(44) 

 ὛὕὉ ὛὕὉ ὛὕὉ ȟ ὛᶅὝɴ ɱ ȟᶅὸɴ Ὕ (45) 

Additionally, while modelling the gas network, a linepack could be considered, as it is considerable 

storage in the gas system.  

3.2.4 Establishing a multi-energy system by linking units 

Linking units play a major role in connecting the various energy systems. In a multi-energy system, 

the selection and scheduling of these linking units play a vital role in increasing the utilization and 

efficiency of the overall system, compared to the segregated and independent operation of the 

sub-systems. 

The units which link the EPS with DHS and NGS are the electric boiler, heat pumps and P2G 

converters. These units act as a demand in the EPS and as a generating unit in other systems. 

The linking equation for the abovementioned links is given by (46) to (48) 

Ὄ – Ὀ ȟ Ὁᶅὄɴ    (46) 

Ὄ – Ὀ ȟ Ὄᶅὖɴ    (47) 

Ὃ – ȟὈ ȟ ὖᶅςὋᶰ   (48) 

In case of DCS, the power consumption of the heat pump will be related to the total cooling 

demand of the pump which is represented as ὗ . The corresponding linking equation is given 

by (49). 
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ὗ – Ὀ ȟ Ὄᶅὖɴ    (49) 

The electrical demand of the circulating pump of DHS or DCS depends on the pressure losses in 

the heating or cooling network. The associated linking equation is given by (50), where ά is the 

mass of water flowing through the pump, –  is the efficiency of the pump, ɟ is the density of 

water, and Ўὖ is the pressure increment offered by the pump. 

ὖ
άЎὖ

– ”
ȟ ὅᶅὖɴ    

(50) 

The units which link the NGS system with EPS and DHS are the gas-powered plant and boiler 

respectively. These units act as a demand in the NGS and as a generating unit in other systems. 

The linking equations are given by (51) to (52) 

ὖ – ȟὋ ȟ ÇᶅὮɴ ɱ  (51) 

Ὄ – ȟὋ ȟ ÇᶅὮɴ ɱ  (52) 

The efficiency of the various linking units is represented as –. The linking equations act as 

additional constraints in the optimization formulation. 

3.2.5 Objectives of Co-optimization 

The objective of the co-optimization is to attain the most economical operation and maximum 

utilisation of the renewable generation of the multi-energy system while ensuring the various 

operational, security and availability constraints are satisfied. Minimising thermal discomfort is 

another objective of co-optimization, which tries to maintain the supply temperature of DHS or 

DCS within the specified limits. 

A generalised cost function for co-optimization can be represented by (53). The various 

components of the cost function come under the operational cost ὅ , the start-up cost of various 

generators of energy conversion elements ὅ  and the penalty cost ὅ . 

 ÍÉÎ ὅ ὅ ὅ

ᶰ

 (53) 

The operation cost constitutes the operational cost for the various generating sources in the 

different energy systems which includes the steady state operating cost as well as start-up costs. 

Additional constraints can be associated with the generating units specifying minimum turn-on 

and turn-off durations to reduce the number of start-ups and shutdown. The operating cost also 

involves the cost of operation of various energy storage elements. The operating cost for the 

multi-energy system is given by (54). 

ὅ ὅ ὅ ὅ  (54) 

ὅ ὅ ὖ

ᶰ

ὅ ὖ ὅ ὖ

ᶰ

ὅ ὖ

ᶰ

ὅ ὖ ὅ ὖ

ᶰ

 

(55) 
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ὅ ὅ Ὄ

ᶰ

 (56) 

ὅ ὅ Ὃ

ᶰ

ὅ Ὃ ὅ Ὃ

ᶰ

 
(57) 

The start-up cost is associated with the generation units and various energy conversion units. The 

expression for start-up cost is given by (58). 

 ὅ ὅ Ὗ

ᶰ

ὅ Ὗ

ᶰ

ὅ Ὗ

ᶰ

ὅ Ὗ

ᶰ

 
(58) 

Where, Ὗ  is a binary variable representing the start-up of the generation source or energy 

conversion unit ὢ. 

The penalty cost (59) considers the penalty for renewable curtailment and thermal discomfort. 

The renewable curtailment penalty ensures that the excess renewable energy is utilised to the 

maximum using any of the linking units in the system and the temperature discomfort penalty tries 

to keep the supply temperature of the DHS or DCS near to the set value of temperature. 

 ὅ ὅ ὖ ὅ Ὕ Ὕ  (59) 

 

Figure 12. Overall illustration of the co-optimization framework 

Where Ὕ  and Ὕ  are the increase or decrease in temperature from the ideal set value of 

temperature. The set temperature is given by (60) and either one of the variations (up/down) will 
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be active at a given instant. The variations are limited by a constraint defining the maximum 

deviations given by, 

Ὕ Ὕ Ὕ Ὕ  (60) 

π Ὕ Ὕ  (61) 

π Ὕ Ὕ  (62) 

The co-optimization uses optimization techniques to minimise the cost function given by (53) 

subject to the various constraints described in sections 3.2.1 to 3.2.4. The selection of constraints 

and the exact cost function depends on the actual scenario of the multi-energy system. The overall 

structure of the generalised co-optimization framework for a MES is shown in Figure 12. 

3.2.6 Sustainability Tracking Function 

The operation of a multi-energy system should ensure that the system should be sustainable. 

Sustainability indicators [86, 87] can be utilised to reliably measure the sustainability of the 

system. Multiple indicators based on various sustainability criteria like economic, environmental, 

social etc. are combined to determine a general sustainability indicator.  

The co-optimization framework for the multi-energy system results in the scheduling of various 

generating sources and energy conversion units in the system. It is important to measure and 

track the sustainability of the system concerning this scheduling. Two sets of sustainability 

indicators are utilised for evaluating the sustainability of the system with the scheduling and 

operation of the system. 

1. Environmental indicators: Environmental indicators are used to determine the impact of 

the system on environmental sustainability. The main parameter which is evaluated is the 

emissions from various generation units, which can result in global warming, local air 

pollution, health problems etc. 

a. Carbon dioxide environmental indicator: The amount of carbon dioxide produced 

by the multi-energy system divided by the energy produced during the horizon. 

The gas is mainly released through the combustion of coal, diesel, natural gas etc. 

in the power plants of the system. The gas contributes 9-26% to global warming. 

The equation for environment indicator for carbon dioxide is given by (63), where 

Ὧ represents the coefficient of emission per unit generation/conversion from 

associated units. 

ὛὍ Ὧ ὖ

ᶰ

Ὧ ὖ

ᶰ

Ὧ Ὄ

ᶰ

Ὧ Ὄ

ᶰ

Ὧ Ὃ

ᶰ

 
(63) 

The various generating units which result in the emission of carbon dioxide are 

conventional generation plants, gas-fired generation plants, conventional boilers, 

gas-fired boilers. Moreover, the power-to-gas unit consumes carbon dioxide to 

generate methane gas and will have a negative coefficient of generation. 
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b. Nitrogen oxide environmental indicator: The amount of nitrogen oxides produced 

by the multi-energy system divided by the energy produced during the horizon. 

They are produced by the burning of petroleum fuels and coal. These gases 

contribute to local air pollution, acid deposition and global climate change. The 

equation for the environment indicator for nitrogen oxides is given by (64) where 

Ὧ  represents the coefficient of emission per unit generation from associated units. 

ὛὍ Ὧ ὖ

ᶰ

Ὧ ὖ

ᶰ

Ὧ Ὄ

ᶰ

Ὧ Ὄ

ᶰ

 
(64) 

c. Sulphur dioxide environmental indicator: The amount of sulphur dioxide produced 

by the multi-energy system divided by the energy produced during the horizon. 

The gas is produced by the combustion of fossil fuels. Exposure to this gas can be 

a threat to the health of animals and humans. The equation for the environment 

indicator for nitrogen oxides is given by (65) where Ὧ represents the coefficient of 

emission per unit generation from associated units. 

ὛὍ Ὧ ὖ

ᶰ

Ὧ ὖ

ᶰ

Ὧ Ὄ

ᶰ

Ὧ Ὄ

ᶰ

 
(65) 

The various emission indicators are combined to determine a normalised indicator which 

represents the equivalent environment indicator for each prediction horizon and is given 

by (66), where ‍ represents the normalisation factor associated with each of the 

environmental indicators. 

ὛὍ ‍ὛὍ ‍ὛὍ ‍ὛὍ

ᶰ

 (66) 

2. Efficiency indicators: The efficiency indicator defines the effectiveness of the overall multi-

energy system with respect to the efficiency of the energy conversions during generation 

or energy vector conversions stages in the system. The equation of efficiency indicator is 

given by (67), where a weighted sum of the average efficiency associated with each of the 

energy vectors is determined. 

ὛὍ ‍ – ὖ

ᶰ

– ὖ

ᶰ

ρ

ὖ
 

‍ – Ὄ

ᶰ

– Ὄ

ᶰ

– Ὄ

ᶰ

– Ὄ
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Ὄ
‍ – Ὃ

ᶰ

ρ

Ὃ
 

(67) 
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Where, 

ὖ ὖ

ᶰ

ὖ

ᶰ

 
(68) 

Ὄ Ὄ

ᶰ

Ὄ

ᶰ

Ὄ

ᶰ

– Ὄ

ᶰ

 
 

Ὃ Ὃ

ᶰ

 
 

The efficiency of the boiler or other energy conversion units are subject to change in the long 

term, due to various reasons like wear and tear or deterioration of the installations. The 

efficiencies must be updated during the co-optimization and sustainability tracking stages to 

maintain the optimality of the co-optimization algorithm and the validity of the sustainability 

tracking. 

3.3 Case-studies analysis based on large island networks and microgrids 

The formulated co-optimization algorithm is an effective tool for the optimal operation and 

scheduling of multi-energy systems. As the generalised model of the multi-energy system 

considered as part of the co-optimization algorithm includes all the basic energy vectors which 

are common to most of the energy systems or microgrids, the algorithm can easily be tailored and 

implemented to a wide range of multi-energy system installations. This ensures the relevance and 

scope of the algorithm beyond the RE-EMPOWERED project. 

The various demo sites as part of the project may be categorised into large island networks and 

small microgrids. The demos sites of Bornholm and Kythnos power system can be considered as 

large island networks, which may have a relatively small interconnection to the mainland network, 

and those of Gaidouromantra, Ghoramara and Keonjhor can be considered as small microgrids.  

Based on this categorisation, the generalised co-optimization framework is tailored to better fit 

these multi-energy systems in the following sections. Moreover, case studies using the adapted 

co-optimization algorithms are also conducted based on the installed systems in Bornholm Island 

and Gaidouromantra microgrid.  

The details of the adaptation of the optimization framework and the associated constraints for the 

large island networks and microgrids and case studies based on Bornholm and Gaidouromantra 

are described in sections 4 and 5. 
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4 Co-optimization of large Island Networks 

4.1 Overview 

This section describes the adaptation of the generalized co-optimization framework described in 

section 3 for large island networks, like the Bornholm island and Kythnos power system, where 

the system is associated with high penetration of renewable energy. The objective of the co-

optimization is to exploit the flexibilities available in all energy systems for utilizing renewable 

generation to the maximum and avoid any curtailment. The solution is shaped by taking into 

consideration a multi-energy system consisting of both an EPS and a DHS.  

The Bornholm demo site is an example of a multi-energy system consisting of EPS and DHS and 

as Kythnos power system does not currently have an energy vector other than electricity, the 

proposed algorithm is motivated by the Bornholm island case aiming to maximise the overall 

system efficiency and renewable utilisation. Moreover, in the case study conducted based on the 

multi-energy system of the Bornholm Island demo site, the EPS of the complete island and DHS 

plant of Ïsterlars are considered. The algorithm generates an optimal schedule of the various 

energy sources and flexible demands of the islandôs Electric Power System (EPS) and District 

Heating System (DHS). The scope is achieving optimal energy system scheduling, which in turn 

results in reduced energy wastage and maximum utilization of renewable resources. In particular, 

the algorithm aims to utilize the excess PV generation on the island to run the electric boilers at 

the DHS plant to cater for the heating demand. This can reduce the usage of conventional boilers 

while maximizing the usage of renewable energy. 

4.2 Modelling of island networks and system components  

Based on the generalised model specified in section 3.2, a more detailed model for the various 

components in an island network based multi-energy system consisting of EPS and DHS is 

developed. 

4.2.1 Electric Power System 

The major constraint which is associated with EPS is the power balance equation as described in 

section 3.2. The EPS of an island network generally consists of conventional generation units and 

renewable generation units. Apart from that, there will be an interconnection which connects the 

island network to the mainland grid. The power balance equation is given by (69). 

ὖ ὖ ὖ ὖ Ὀ Ὀ ὖ  (69) 

Where, 

ὖ  - Electrical power generation from conventional generation 

ὖ  - Electrical power generation from renewable resources 

ὖ  - Imported power through interconnection to mainland 

ὖ  - Exported power through the interconnection to mainland 

Ὀ  - Base electrical demand of the EPS 

Ὀ  - Flexible electrical demand of the EPS 

ὖ  - Curtailed renewable power 
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The electrical demand of the island is classified into base and flexible demand. The base demand 

Ὀ  is the forecasted base demand of the complete island, Ὀ  includes the various flexible 

demands which will be utilised for the co-optimization. ὖ  is the curtailed PV power. As part 

of the co-optimization, the flexible demand includes the electric boiler at the DHS plant and the 

electric heater at the consumer given by (70).  

Ὀ Ὀ Ὀ  (70) 

The generators are associated with additional constraints representing their capacity limits. 

ὖ ὖ ὖ  (71) 

ὖ ὖ ὼ ὖ  (72) 

ὖ ὖ ὼ ὖ  (73) 

ὼ ὼ ρ (74) 

Ὀ Ὀ Ὀ  (75) 

Ὀ Ὀ Ὀ  (76) 

The other constraints like the ramp-up and ramp-down time of the generators are not considered 

in the model since the implementation of the co-optimization does not consider the controlling of 

these generation sources. The forecast of PV and wind generation and the forecasted base 

demand are parameters which are known before the optimization and the rest of the variables 

which include the generation from conventional sources and the flexible demand and curtailment 

are optimised by the co-optimization algorithm. 

4.2.2 District Heating System 

The DHS system consists of a DHS plant which generates the heat from conventional boilers like 

straw boiler or wood-chip boiler, and electric boilers. The heat power balance equation governing 

the DHS plant and the consumer loads is given by (77). The heat energy is injected into the 

system from the straw boiler, electric boiler, and heater. The hot water tank (HWT) is used to store 

or retrieve heat energy and constitutes the flexibility to serve the demand at a later stage during 

the period of high fuel cost or renewable intermittencies.  

Ὄ Ὄ Ὄ Ὄ Ὄ Ὄ Ὄ  (77) 

Where, 

Ὄ  - Heat power associated with straw boiler 

Ὄ  - Heat power associated with electric boiler 

Ὄ  - Heat power associated with electric heaters 

Ὄ  - Heat power associated with discharging the HWT 

Ὄ  - Heat power associated with charging the HWT 

Ὄ  - Base heating demand of the DHS 

Ὄ  - Flexible heating demand of DHS 
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The heat generated from the straw boiler is limited by the rated capacity of the boiler. Apart from 

the maximum injection/retrieval rate of the HWT, it must be ensured that either the charging or 

discharging of the HWT takes place at any instant. Additional constraints are specified as given 

by (78)-(81). Where, ὼ  is a binary variable which equals to 1, if extraction from the storage 

is active, otherwise the variable equals to 0, and ὼ  equals to 1 if the injection in the storage 

is active or else equals to 0. 

Ὄ Ὄ Ὄ  (78) 

Ὄ Ὄ Ὄ ὼ  (79) 

Ὄ Ὄ Ὄ ὼ  (80) 

ὼ ὼ ρ (81) 

The HWT is also associated with a storage limit and is represented by the constraint (82)-(84).  

Ὁ Ὁ Ὄ Ὄ Ўὸ    ȟὸ ρ (82) 

Ὁ Ὁ Ὄ Ὄ Ўὸ    ȟὸ ρ (83) 

Ὁ Ὁ Ὁ  (84) 

Since the case study considered a large system where the losses in the DHN are very less 

compared to the heating demand, the nonlinear distribution model is not considered part of the 

heat balance equation. The effects of circulating water pumps, water pressures, heat exchangers, 

temperature drop or losses in pipes, circulating water in boilers, stratification effect, and 

temperature mix were not taken into consideration in the modelling. Rather, the heat losses are 

added to the heading demand Ὄ  as a small percentage of the demand.  

As in the electrical system, the heating loads are classified into base heating demand Ὄ  of the 

network and the flexible heating loads Ὄ  constituting the large consumers and small controllable 

household demands as given by (85).  

Ὄ Ὄ ͺ Ὄ ͺ (85) 

The large consumers associated with local hot water tanks at their local premises can be 

considered as a pliable demand which will be associated with a total energy demand constraint. 

The small flexibility is the allowed variations in the base thermal demand of the household 

consumers. The associated constraints are given by (86)-(88). 

Ὄ ͺЎὸ

ᶰ

Ὁ ͺ  (86) 

Ὄ ͺ Ὄ ͺ Ὄ ͺ (87) 

Ὄ ͺ Ὄ ͺ Ὄ ͺ (88) 

Linking constraints couple the subsystems of the integrated energy system. The linking units 

include electric boilers and electric heaters, and their associated linking equations are given by 

(89) and (90). 
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Ὄ – Ὀ  (89) 

Ὄ –Ὀ  (90) 

The only parameter that is part of the heat balance constraint is the forecasted base heating 

demand. The heat from the straw boiler and flexible demands are optimized by the co-optimization 

algorithm. The heat from the electric boiler and electric heater depends on the optimized value of 

corresponding electrical power and is related by the linking equation. 

In case when the control parameters of the various heat generation units or controllable demands 

are the temperature, the energy conservation equation is applied as given in (91) to determine 

the temperature from the heat energy. 

Ὄ άὧɝὝ (91) 

In equation (91) the sign of temperature deviation varies depending on the source or load. In the 

case of sources, the final temperature will be more than the initial temperature and in the case of 

thermal loads, the final temperature will be less than the initial temperature. The detailed equation 

is given by, 

Ὄ άὧὝ Ὕ  (92) 

Ὄ άὧὝ Ὕ  (93) 

In case of thermal loads and sources, it should be assured that the temperature is within the 

specified range. Therefore, temperature limitations are added to the model to assure the comfort 

of the consumers. 

Ὕ Ⱦ
ȟ

Ὕ Ⱦ Ὕ Ⱦ
ȟ

 (94) 

Ὕ Ⱦ
ȟ Ὕ Ⱦ Ὕ Ⱦ

ȟ  (95) 

4.2.3 Formulation of co-optimization problem  

The main objective of the co-optimization algorithm is to utilise the flexibility from the DHS system 

in the EPS to avoid renewable curtailment and reduce the use of conventional generation and 

boilers. This is achieved by utilising the electric boilers at the DHS plant to cater for the real-time 

heating demand and store the excess heat energy in the hot water tank. This reduces the use of 

conventional boilers of the DHS plant and maximises the renewable utilisation of the island. The 

co-optimization shall make sure that the electric boilers are utilised only for the peak shaving of 

the photovoltaic generation while catering for the heating forecasted demand of the DHS network. 

The heating demand can also be catered by the electric heater at the consumer premise which 

will assist in maintaining the heating demand along with the DHS supply. 

4.2.4 Cost Function 

The cost function should reflect the objectives of the optimization. The different components of 

the cost function can be grouped into three categories of costs as given by (96). Where ὅ  is the 

operational cost and ὅ is the penalty cost.  
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Ὂ ὅ  ὅ (96) 

The operational cost includes the cost of generation from various conventional generators in EPS 

and the straw boiler of DHS and is given by (97). 

ὅ ὧ ὖ ὧ ὖ ὧ ὖ ὧ Ὄ  (97) 

Where, ὧ , represents the cost for electrical generation from various conventional generations 

like biogas, CHP and fossil fuel power plants etc., and ὧ is the cost of heat energy generated 

using the straw boiler. The penalty is associated with renewable curtailment. The co-optimization 

must avoid any renewable curtailment and a high value of penalty is assigned for the curtailed 

power to minimise the curtailment. 

ὅ ὴ ὖ  (98) 

The optimization algorithm will minimise the cost function Ὂ  subject to the various constraints 

associated with the EPS and DHS plant. 

The parameters associated with the optimization algorithm are, 

ὖ  - Forecasted renewable generation from PV, wind etc. 

Ὀ  - Forecasted electrical demand of the EPS 

ὖ ȟὖ  - Limits on conventional generation in EPS 

ὖ ȟὖ  - Limits on import and export through interconnection 

Ὀ ȟὈ  - Limits on the power of electric boiler 

Ὀ ȟὈ  - Limits on power of electric heater 

Ὄ  - Base heating demand of the DHS 

Ὄ ȟὌ  - Limits on charging/ retrieval of HWT 

Ὁ ȟὉ  - Limits on storage in HWT 

Ὄ ͺȟὌ ͺ - Limits on large flexible heating loads 

Ὄ ͺȟὌ ͺ - Limits on small flexible heating load 

Ὁ ͺ - Demand of large flexible heating loads 

   
The optimization variables are, 

ὖ  - Electrical power generation from conventional generation 

ὖ  - Imported power from main grid 

ὖ  - Exported power to main grid 

ὼ ȟὼ  - Constraint on import/export 

ὖ  - Curtailed renewable power 

Ὀ  - Electrical demand associated with electric boilers 

Ὀ  - Electrical demand associated with electric heaters 

Ὄ  - Heat power associated with straw boiler 

Ὄ  - Heat power associated with discharging the HWT 

Ὄ  - Heat power associated with charging the HWT 

ὼ ȟὼ  - Constraint on charging/retrieval 

Ὄ ͺ - Large Flexible heating demand of DHS 

Ὄ ͺ - Small Flexible heating demand of DHS 
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4.3 Case Study analysis based on Bornholm Island 

4.3.1 System Description  

The Bornholm Island is an example of a multi-energy system which consists of electric and heat 

energy subsystems. Islandôs energy system configuration motivated the algorithm presented in 

this section, as it represents the most complex demo among the energy islands demos in RE-

EMPOWERED. 

The electrical network of the island consists of multiple conventional and renewable generation 

sources. This conventional generation includes a 3 MW biogas plant, 35 MW CHP plant and 58 

MW fossil fuel plant. About 35 large wind turbines with a total capacity of 37 MW and multiple PV 

stations with a total capacity of 23 MW constitute renewable generation on the island. The 

photovoltaic generation includes about 1000 rooftop PV and 2 private PV farms. The islandôs 

electrical network is also connected to the Swedish main-land grid via a sea cable of 60 MW 

capacity. The sea-cable connection is used to cater for the island demand during the renewable 

intermittencies and to export energy in case of excess renewable generation. In the case of the 

islanded mode of operation, the conventional generation units which include the combined heat 

and power (CHP) plant in Rßnne will cater for the demand during renewable intermittencies. 

The island already has a high penetration of RES and is planned to install an additional 100 MW 

offshore wind turbine farm and PV parks. This can create a bottleneck at the sea cable connecting 

the main grid to export the surplus power into the mainland grid. Therefore, it is important to 

integrate other energy vectors in the island like a heating system or transportation to utilise the 

generation from RES and avoid curtailment of these sources. As part of the project, the co-

optimization algorithm tries to integrate the DHS as a flexible demand to utilise the excess 

generation from RES of EPS. 

The district heating system of the island caters for the heating demand of the consumers on the 

island. The various heat plants on the island generally utilise locally produced woodchip and straw 

as fuel for the boilers. The demo-area as part of the project consists of the district heating system 

of three towns Ïsterlars, Ïstermarie and Gudhjem. The Ïsterlars heat plant consists of a 4 MW 

boiler fuelled by locally produced straw and four 0.6 MW electric boilers. The heating plant also 

consists of a 1,500 m3 hot water storage tank with a capacity of 80 MWh. The DHS plant supplies 

the hot water to the consumers through a district heating network (DHN). The overall structure of 

the DHN connecting the various sources and heating demand is shown in Figure 13. The network 

supplies hot water from the boilers and hot water tank to three villages. Most of the consumers 

are households which utilise hot water for room heating and hot water taps. The two large 

consumers in the DHN are the local swimming pool and church. The hot water from the plant 

passes through radiators or heat exchanges at the consumers and will return as cold water (at a 

lower temperature than the sending temperature) to the DHS plant to be reheated by the boilers.  

The controllable demo-space on the island for the implementation of the co-optimization algorithm 

as part of the project constitutes the DHS plant, church, swimming pool and a selected number 

of households. The controllability of the DHS plant includes the straw boiler, electric boiler, and 

hot water tank. The hot water tank is associated with passive control in which the energy 

storage/release takes place based on the balance between the demand and supply of heat energy 
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at the DHS plant. If the heat generation from boilers exceeds the demand at the plant, the hot 

water tank gets stored with hot water and vice-versa.  The remote control of the heating units at 

the consumers is achieved by the Neogrid internet-of-things (IoT) devices installed at consumers' 

radiators and local hot water tanks. As part of the project, an electric heater connected to one of 

the households can assist in the heating and can also be controlled using the ecoDR tool. 

 

Figure 13. DHN at Bornholm consisting of DHS plant and consumers 

 

Figure 14. Interconnection between EPS and DHS at Bornholm 

The EPS and DHS at the demo site are linked using the electric boiler at the DHS plant and the 

heater at one of the consumers as shown in Figure 14. Although the main interlinking unit between 

the two systems is only the electric boilers at the DHS plant, since the rated power of the electric 

heater is very nominal compared to the rating of the electric boiler and overall system. The electric 
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boilers currently serve as a reserve to use during peak-load demands. The aim of the co-

optimization algorithm is to optimise the operation of DHS so that the electric boilers and heater 

can utilise the excess renewable generation in the EPS and also utilise the thermal storage for 

additional flexibility. 

4.3.2 Simulation Results 

The electrical sources considered for the simulation analysis are the renewable generation from 

PV and wind, conventional generation from CHP, Biomass and fossil fuel generators and the 

power imported via sea cable. The electrical demand includes the total electrical load of the island, 

power exported via sea cable and flexible electric load power comprising electric boilers at the 

district heating plant and electric heaters at households. The DHS system consists of a DHS plant 

which is equipped with an electric and straw boiler. The heating demand of the DHS network 

consists of the forecasted base heating demand of households and the flexible communal heating 

demand. 

 
(a)                                                                 (b) 

 
(c)                                                            (d) 

Figure 15. Typical generation and load profiles for a day at Bornholm (a) PV generation (b) wind generation (c) 
electrical load (d) thermal load 

The typical high and low renewable generation and electrical demand profiles for the island are 

selected from historical data available in [88, 89]. The PV generation, wind generation and load 

profile of the island for two days are shown in Figure 15 (a), (b) and (c) respectively. The days are 



 
 

 

 D3.1 Report on the Co-optimization Tool and DSM Scheme                                                 [51]                                                                             

 

selected to take into consideration the two extreme cases of generation or load. Since the 

historical data on the heating demand of the DHS plant is not available, a fictitious variation is 

used for the simulation analysis which is shown in Figure 15 (d). In the case of a high-demand 

day, it is assumed that the household heating loads will be higher during morning and evening 

time periods. A typical bell curve is considered in the case of a low-demand day. The various 

other parameter values considered for obtaining the simulation results for the various test cases 

are listed in Table 2. 

Table 2. Simulation parameters co-optimization simulation for Bornholm case-study 

Parameter Details Value 

ὖ ȟὖ  Limits on conventional generation (CHP, biogas, and fossil fuel) 0, 96 MW 

ὖ ȟὖ  Limits on import and export through sea cable 0, 60 MW 

Ὀ ȟὈ  Limits on flexible demand of electric boilers 0, 2.4 MW 

Ὄ ȟὌ  Limits on charging and discharging of hot water tank 0, 5 MW 

Ὁ ȟὉ  Limits on storage of hot water tank 0, 80 MWh 

Ὁ ͺ Aggregate demand of flexible heating load 3 MW 

ὧ  Average electricity price of a conventional generation [90] 141.2 ú/MW 

ὧ ȟὧ  Average electricity price for import/export through sea-cable 45 ú/MW 

ὧ  Average price of a heating using straw boilers 26.89 ú/MW 

ὴ  Penalty of RES curtailment (to reduce curtailment) 537.85 ú/MW 

 

Based on the different generation and demand profiles, four test cases are considered to analyse 

the outcome of using the co-optimization algorithm. The first three cases (Case 1 to Case 3) are 

considered for an islanded mode of operation with generation from conventional and renewable 

generations only. Case 4 considers power export and import through sea cable along with 

conventional and renewable generation. 

Case 1: High RES generation and high demand 

The scenario considers a case in which there is an excess of generation from renewable sources. 

The typical high generation day profiles are considered for PV and wind generation. The typical 

high-demand profile is considered for electrical load. 

The result of the co-optimization is illustrated in Figure 16. In the case of EPS, during the time 

instants when the demand is more than the renewable generation, the conventional generators 

are used to generate additional power. For instants when the demand is less than the renewable 

generation, the excess power is used to cater for the flexible demand comprising of the electric 

boilers and electric heaters of the DHS plant. This is denoted as flexible power in Figure 16 (b). 

In case the flexible power reaches the maximum limit, the excess renewable generation is 

curtailed.  
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The use of co-optimization and usage of electrical boilers during the instants of excess RES 

generation has resulted in the reduction of RES curtailment by 16.73 MWh. The use of electric 

boilers in the DHS plant also has reduced the usage of the straw boiler. 

In the case of a non-islanded mode of operation, the curtailment could have been further reduced 

by exporting to the mainland through sea cable which is considered in case 4. 

 
(a)                                                                         (b) 

             
(c)                                                                          (d) 

Figure 16. Total electrical and heat power generation and demand in the Island (a) Electrical power generated (b) 
Electrical power demand (c) Heat power generated and (d) Heat demand of the island 

 

Figure 17. Total energy in the hot water tank (MWh) 
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Case 2: High RES generation and low demand 

The scenario considers a case in which there is an excess of generation from renewable sources. 

The typical high PV day and high wind day profiles are considered for PV and wind generation. 

The typical low-demand day profile is considered for electrical load. 

 
(a)                                                                      (b) 

             
(c)                                                                       (d) 

Figure 18. Total electrical and heat power generation and demand in the Island (a)Electrical power generated (b) 
Electrical power demand (c) Heat power generated and (d) Heat demand of the island 

 

Figure 19. Total energy in the hot water tank (MWh) 

The result of the co-optimization is illustrated in Figure 18. As the electrical demand in the EPS is 

low as shown in Figure 18(b) compared to the RES generation in Figure 18(a), there is an excess 

of generation. The excess RES generation is utilized by the DHS plant to the maximum by turning 
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on the electric boilers at the maximum capacity, thereby reducing the renewable curtailment. The 

electric boilers acting as the load of the EPS system during hours of excess RES are shown as 

the flexible power in Figure 18(b). The heat generated from the electric boilers is either used for 

catering for the heat demand of the island (both household and communal) as shown in Figure 

18(d) or to charge the hot water tank. In Figure 18(c) the electric boilers are mostly running at 

their miximum capacity and hot water tank is getting charged during most of the hours indicated 

as a negative value in the figure.  

The optimization has resulted in the reduction of curtailment by 50.4 MWh. During the period of 

renewable intermittencies, the electrical demand is catered by conventional generators. The heat 

generated by the electrical boiler is used to cater for the household and communal loads as well 

as charge the hot water tank. The hot water tank is charged within the limits of operation to utilize 

the RES generation. The excess heat energy stored in the hot water tank can be used during the 

following schedule horizons thereby reducing the straw boiler usage. 

Case 3: Low RES generation and high demand 

The scenario considers a case in which the generation from renewable sources is low. The typical 

low PV day and low wind day profiles are considered for PV and wind generation. The typical 

high-demand profile is considered for electrical load. 

 
(a)                                                                      (b) 

                
(c)                                                                       (d) 

Figure 20. Total electrical and heat power generation and demand in the Island (a)Electrical power generated (b) 
Electrical power demand (c) Heat power generated and (d) Heat demand of the island 
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The result of the co-optimization is illustrated in Figure 20. As the electrical demand is not able to 

be met by the RES, the conventional generation units are used to cater for the demand. Since 

there is no excess generation from EPS, the DHS plant relies on the straw boiler to generate the 

heat power to cater for the various heating demands. The electric boiler does not take part in the 

DHS operation in this case. 

 

 

Figure 21. Total energy in the hot water tank (MWh) 

 

Case 4: High RES generation with interconnection and high demand  

The scenario considers a case in which there is an excess of generation from renewable sources. 

The typical high PV day and high wind day profiles are considered for PV and wind generation. 

The typical high demand day profile is considered for electrical load. The export and import of 

power through sea cable are also considered in this case. The case is similar to case 1. 

 
(a)                                                                      (b) 
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(c)                                                                       (d) 

Figure 22. Total electrical and heat power generation and demand in the Island (a) Electrical power generated (b) 
Electrical power demand (c) Heat power generated and (d) Heat demand of the island. 

The result of the co-optimization is illustrated in Figure 22. The electrical demand during RES 

intermittencies is catered by the import of power through sea cable. During the instants of excess 

RES generation, the electric boilers and electric heater act as flexible electrical demands for the 

EPS. Any additional power above the limits of the flexible demand is exported through the sea 

cable. This avoids any RES curtailment in the system. 

 

 

Figure 23. Total energy in the hot water tank (MWh) 

 

Figure 24. Cost associated with various generation and resources 
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The results from various test cases validate that the developed co-optimization framework can 

effectively utilize the flexibilities of electric boilers and hot water tank in the DHS system in 

reducing the RES curtailment. 

4.4 The implementation of co-optimization in Bornholm into ecoTools 

The co-optimization algorithm described in Section 4 is implemented at Bornholm mainly using 

the ecoEMS tool, while a simplified version without the DHP considerations will be applied at the 

Kythnos power system. The data flow associated with the implementation in Bornholm is shown 

in Figure 25. The ecoEMS implements the developed optimization framework to determine the 

day ahead schedule for the boilers of the DSH plant, electric heater, and flexible demands. The 

co-optimization utilises the renewable and demand forecasts determined using the forecasting 

algorithms developed as part of Task 3.5. The DSM scheme developed as part of Task 3.2 

explained in section 6.5.1.1 will provide additional time constraints on the flexible heating 

demands controlled through Neogrid controllers. The schedule for electric heater will be converted 

to a control signal to ecoDR controller and the schedule for flexible demand will be converted to 

a set-point temperature sent to Neogrid controllers. 

 

Figure 25. Implementation scheme for co-optimization at Bornholm 
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5 Co-optimization for small Islanded Microgrids 

5.1 Overview 

Considering the scenario of an islanded microgrid, like the Gaidouromantra microgrid in the 

Kythnos demo site, or the Indian demo sites, the generalised co-optimization algorithm of Section 

3 is tailored here for the co-optimization of a multi-energy system consisting of an electrical 

microgrid and district cooling network. This co-optimization framework is inspired by a possible 

future scenario of the Gaidouromantra microgrid, where cooling of the BESS system is already 

installed and planned to be demonstrated throughout RE-EMPOWERED. The algorithm intents 

to optimise the operational cost of the microgrid and temperature deviation of the DCS 

consumers. 

The methodology used for the optimization and the modelling of the various components in the 

system to determine the optimization constraints and the cost function are described in the 

following sub-sections. Optimization results using sample data set based on the Gaidouromantra 

microgrid and a comparative analysis are mentioned at the end of the section. 

5.2 Methodology 

5.2.1 Mixed Integer Linear Programming 

An integer programming mathematical problem is an optimization or feasibility problem in which 

some or all the variables are restricted to be integers. In many cases, the term refers 

to integer linear programming (ILP), in which the objective function and the constraints (other than 

the integer constraints) are linear. If some decision variables are not discrete, the problem can be 

characterized as a mixed-integer programming problem [91]. In integer linear programming, 

the canonical form is distinct from the standard form. An integer linear program in the canonical 

form is expressed as [92]:  

ÍÁØÉÍÉÚÅ╬╣●
ÓÕÂÊÅÃÔ ÔÏ═● ╫

●
ὥὲὨ ●ᶰᴚ▪

 (99) 

 

and an ILP in standard form is expressed as 

ÍÁØÉÍÉÚÅ╬╣●
ÓÕÂÊÅÃÔ ÔÏ═● ▼ ╫

▼
●

ὥὲὨ ●ᶰᴚ▪

 (100) 

 

whereὧɴ Ὑ  , ὦɴ Ὑ are vectors and ὃᶰὙ  is a matrix. As with linear programs, ILPs not in 

standard form can be converted to standard form by eliminating inequalities, introducing slack 
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variables ▼ and replacing variables that are not sign-constrained with the difference of two sign-

constrained variables. 

5.2.2 Receding Horizon Control 

Model predictive control (MPC) constitutes an advanced method of control that is used to control 

a process while satisfying a set of constraints. It is a method often used in power system balancing 

models in recent years [91]. Model predictive controllers are based on dynamic models, most 

often linear. The main advantage of MPC is the fact that it allows the current timeslot to be 

optimized while keeping future timeslots into account. This is feasible by optimizing a finite time-

horizon, but only implementing the current timeslot and then optimizing again, repeatedly. Also, 

MPC has the ability to anticipate future events and can take control actions accordingly.  

 

Figure 26. Receding Horizon Control method 

MPC is based on iterative, finite-horizon optimization of a plant model. At time t, the current plant 

state is sampled and a cost-minimizing control strategy is computed (via a numerical minimization 

algorithm) for a relatively short time horizon in the future: [t, t+T]. Only the first step of the control 

strategy is implemented, then the plant state is sampled again, and the calculations are repeated 

starting from the new current state, yielding a new control and new predicted state path. The 

prediction horizon keeps being shifted forward and for this reason, MPC is also called receding 

horizon control (RHC). Although this approach is sub-optimal, in practice it has given very good 

results. The RHC method is suitable for problems considering parameters with high uncertainty, 

such as small energy systems, in which the fluctuations in the load curve and also the production 

of the distributed energy sources do not allow optimization approaches applied in advance  [92] 

[93]. 
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The RHC approach assumes that control actions are determined using a finite-horizon 

mathematical problem. 

¶ The optimization problem is solved for a sequence of control actions over the horizon, but 

only the control action for t = t+1 is implemented. 

¶ The procedure is repeated for the next control decision in a receding horizon fashion. 

¶ Due to the proactive nature of RHC, the EMS can react before an operating boundary is 

reached.  

¶ RHC approaches are working better when the production and consumption uncertainties 

are large (i.e. small MGs). 

5.3 District Cooling System modelling 

5.3.1 District Cooling Network modelling 

The modelling of the District Cooling Network is based on two basic components: a hydraulic 

model and a thermal model, as discussed in Section 3. The first one focuses on the fluid 

mechanics analysis of the flow in every structural element of the network and leads to the 

calculation of the pressure losses and the definition of the electrical load of the circulation pump(s) 

used, while the second uses a thermodynamic approach to enable the calculation of the thermal 

losses, through the analysis of the thermal energy flows at the load or production nodes and 

during the distribution through the pipelines of the network. The load flow model holds an 

important role in district cooling systems, as the total consumption of the grid is a remarkable 

fraction of the total distributed energy, and its analysis allows the production of useful constraints 

for the co-optimization problem that will follow. 

5.3.1.1 Hydraulic model 

Three basic lows are necessary to describe the hydraulic model: the flow continuity condition, the 

loop pressure equation, and the head loss formula [94]. The first one requires that the summary 

of total mass inflow should be equal to the summary of total mass outflow at every node: 

ά

ᶰ

ά  ά

ᶰ

 
(101) 

For a supply node, while the same equation with  ά ,ὑ  stands for a return node, where ά  is 

the mass flow through pipeline k, ὑ ὲ is the set of supply pipes whose tail is node n, ὑ ὲ is 

the set of supply pipes whose head is node n  ά  is the mass flow through node n. 

The loop pressure equation states that the sum of head losses around any closed loop is equal 

to zero: 

ὄὬ π (102) 

where ὄ is the loop pipe incidence matrix and Ὤ  is the vector of head losses in each pipe that 

can be defined as: 

Ὤ Ὑά ȿά ȿ    (103) 
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where Rk is the resistance coefficient of pipe k and is given as, 

Ὑ
ψὒὪ

Ὀ”“Ὣ
 (104) 

where L is the pipe length, D is the pipe diameter, ɟ means the density of water, ˊ denotes the 

circumference ratio, g stands for the gravitational acceleration. The friction factor f depends on 

the Reynolds number ὙὩ of the fluid, which is defined by the equation: 

ὙὩ
‡Ὀ

‘
  (105) 

where ɛ is the kinematic viscosity of water and ɡ is the water fluid velocity which is derived from 

the mass flow rate as: 

‡
τά

”“Ὀ
  (106) 

For the calculation of the friction factor f when Re<2320 (laminar flow) the next relation holds: 

Ὢ
φτ

ὙὩ
   (107) 

While when Re>4000 (turbulent flow) f is numerically approximated from the following 

transcendental equation: 

ρ

Ὢ
ςÌÏÇ

‐

σȢχὈ

ςȢυρ

ὙὩὪ
 (108) 

where Ů represents the roughness of the pipe [95]. 

For 2300<Re< 4000, f is retrieved from linear interpolation. 

 

Figure 27. A simple pipeline network of a DCN [14]. 
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5.3.1.2 Thermal model 

The thermal model includes the nodal heat power exchange equation, the temperature rise 

equation along the pipelines due to their heat dissipative tendency, the thermal loss calculation 

in every pipe, and the energy conservation equations during the confluence and fission of water 

flows in the nodes of the grid. 

The heat power exchange is described as: 

ὗ άװ ὧὝ Ὕ ὲᶰɱװװȟᶅװ  (109) 

where ὧ stands for the specific heat capacity of water, Ὕ  and Ὕ  are the temperatures of the node 

ὲ on the supply and return side respectively. For every node/load, ὗװ  has a negative value, while 

for the cooling device node (1) the price is positive. 

The temperature drop along a pipe can be defined as: 

Ὕ
Ὕ Ὕ

Ὡ

Ὕ  (110) 

that leads to the loss calculation equation: 

ὗ ȟ ὧάװ Ὕ Ὕ ὲᶰὓװװȟᶅװ  (111) 

where Ὕ  and  Ὕ are the temperatures on the head and tail of the pipeline respectively, ‗ is the 

heat transfer efficiency coefficient and ὒ is the length of the pipe Ὧ.  Equations (110) and (122) 

stand both for the supply and return side of the grid. 

 
Figure 28. Temperatures in the network [95] 

The energy equation that describes the confluence and fission of water flows can be formulated 

at every node of the grid as follows: 

װ ά Ὕ

װ

ɴװ

ά Ὕ ά Ὕ

װ

ɴװ

 (112) 

for a supply node, while the same equation with װά Ὕ  , ὑ  stands for a return node. 
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5.3.2 Heat Pumps and Circulating Pumps 

5.3.2.1 Heat Pumps 

    A cooling device is a unit that can transfer thermal energy from a colder to a hotter object, 

absorbing heat from a building through a working fluid that can be air or water and rejecting it in 

the ambient air or ground with higher temperatures. This operation is feasible by the consumption 

of a relatively low amount of energy mostly electricity or heat. On the heat-sink side, a volatile 

evaporating and condensing fluid, also known as a refrigerant, is compressed until it condenses 

into liquid and releases heat during condensation. On the heat source side, the refrigerant enters 

an evaporator, in which it releases the pressure, boils, and absorbs heat during evaporation [96]. 

The operation of a heat pump can be described as: 

ὖ
ὗ

–
 (113) 

where ὖ  is the electrical consumption of the heat pump, ὗ  the cooling load delivered by the 

heat pump and –  the energy efficiency ratio is used to quantify the ratio of useful heat rejection 

in a heat pump by consuming per unit input energy. 

5.3.2.2 Circulating Pumps 

A circulating pump is installed at the cooling source node to dismiss the pressure losses and 

ensure the water flow inside the pipelines of the grid. The electric power consumed by the pump 

can be expressed as: 

ὖ ά
Ўὖ

– ”
 (114) 

 

where ά is the mass flow rate through the pump, –  is the efficiency of the pump, ɟ is the density 

of water, and Ўὖ is the pressure increment offered by the pump. 

5.3.2.3 Cooling load estimation method 

The estimation of the cooling loads of the grid nodes was accomplished by applying the CLTD 

method of ASHRAE [97]. The method directly calculates the cooling load required to keep the 

inside temperature of the cooled space at the desired level, by defining the thermal flows through 

the structural elements of the buildingôs surroundings, as described by the equation (115). 

ὗ ȟ ὟὃὅὒὝὈ  (115) 

Where, 

Ὗ - Thermal conductivity of wall, ceiling, or window in ὡȾά Јὅ 

ὃ - Area of wall, ceiling, or window in ά  
ὅὒὝὈ - Cooling load temperature difference in Јὅ 
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The ὗ  is calculated on an hourly basis for the ceiling, walls, and windows of the buildings, while 

the CLTD values for each of them are defined by existing data sets given the following 

parameters: 

¶ Regionôs latitude which correlates with typical solar radiation values for every hour,  

¶ The desired temperature inside the cooled space, 

¶ Outside temperature,  

¶ Specific structural type definition for walls and ceilings depending on the building 

materials, the insulation type, and also the glass thickness and shade type of the windows, 

¶ The orientation of the buildings,  

¶ Fraction of the area of the walls covered by windows. 

5.4 Electricity cooling co-optimization algorithm for microgrids 

5.4.1 Linearization of cooling system constraints 

The energy consumption for the distribution of the chilled water through the pipelines of the 

network constitutes the own consumption of the district cooling network and can be divided into 

consumption due to thermal and pressure losses. This amount of energy is remarkable for a DCS 

and cannot be ignored in an optimization process. Although the definition of the pressure losses 

requires the solving of the hydraulic model set of equations (101)-(108) while the thermal losses 

are calculated through the system of the thermal model set of equations (109)-(112) considering 

every node and pipeline of the network. The analytic approach of the DCN problem would result 

in a complex nonlinear set of constraints for the co-optimization with a lot of variables and the 

solution would not be guaranteed.  

To transform the problem into a Mixed Integer Linear Programming problem, a solving algorithm 

of the DCN was produced and operated for a set of initial values in order to extract linear equations 

involving some crucial variables and parameters of the optimization with the minimum possible 

error. Below is the procedure for the expression of the electrical load of the heat pump (ὖ ) and 

the circulation pump (ὖ ) as functions of the outside temperature (Ὕ), the daily average outside 

temperature (Ὕ), the set point temperature of the cooled spaces (Ὕ ) and the time (ὸ) is 

presented. The simulation of the system was done in MATLAB, and the parameters of the network 

were the same as described in detail in section 5.5, referring to the Gaidouromantra microgrid, so 

the description here is omitted and the methodology is explained. 

The electrical power consumption of the heat pump can be expressed as: 

ὖ
ὗ

–
  (116) 

Where, 

ὗ ὗ ὗ   (117) 

 

The first part of equation (107) is calculated by the CLTD method and is a linear function of the 

daily average outside temperature (Ὕ) and the set point temperature of the cooled spaces (Ὕ ): 
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ὗ ὥ ὦὝ ὦὝ   (118) 

Where, 

ὥ - 
Ὗ Ὁ ὧὰὸὨὒὓὑ Ὗ  Ὁ ὧὰὸὨὒὓ ὑ Ὗ  Ὁ ὧὰὸὨ

Ὁ ίὧίὬὫὪὧὰὪσȢωὟ Ὁ Ὗ  Ὁ Ὗ  Ὁ Ⱦὲ  
ὦ - ὟȢῴȢ 

ὧȟύȟύὨ - c: ceiling,  w: wall,  wd: window 

ὟȢ - Thermal Conductivity 
ῴ - Total area of c, w or wd 

ὧὰὸὨȢ , ὧὰὪ - Temp. differences given from statistical data for every hour of the day 
ὒὓȢ - Correction factor for latitude and month 

ὑȢ - Color coefficient of c, w, or wd 
sc, (shgf) - Radiation factors for wd 

ὲ  - Heat Exchanger Efficiency 

   

Although, the calculation of the ὗ  requires the solving of the set of equations describing the 

DCN. The DCN was solved, and a sensitivity analysis took place to produce the following 

diagrams in Figure 29  

 

Figure 29. Qloss correlation with optimization parameters and variables 

The equations extracted from this analysis can be expressed as: 
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ὗ ὥὝ ὦ   (119) 

ὗ ὥὝ ὦ    (120) 

ὗ ὥὝ ὦ    (121) 

ὗ
ὥὸ ὦȟὭὪ ὸ ρφ
ὥὸ ὦ ὭὪ ὸ ρφ

 (122) 

which combined result to a final expression of ὗ  and ὖ  as: 

ὗ ὥ Ὕ ὥ Ὕ ὥ Ὕ ὦ
ὥ ὸ ὦ ȟὭὪ ὸ ρφ
ὥ ὸ ὦ  ὭὪ ὸ ρφ

    
(123) 

ὖ ὥ Ὕ ὥ Ὕ ὥ Ὕ ὦ
ὥ ὸ ὦ ȟὭὪ ὸ ρφ

ὥ ὸ ὦ  ὭὪ ὸ ρφ
 

(124) 

where ὥ  , ὥ  , ὥ  , ὥ  , ὥ  , ὦ  , ὦ  ȟὦ  , ὥ  , ὥ  , ὥ  , ὥ  , ὥ  , ὦ  , ὦ  ȟὦ  

are constant values. 

The same methodology was applied to correlate the power consumption of the circulating pump 

(ὖ ) with the corresponding parameters and variables. 

 

Figure 30. ὖ  correlation with optimization parameters and variables 

The diagrams above lead to the following equation for the ὖ : 
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ὖ ὥ Ὕ ὥ Ὕ ὥ Ὕ ὦ
ὥ ὸ ὦ ȟὭὪ ὸ ρφ

ὥ ὸ ὦ  ὭὪ ὸ ρφ
 

(125) 

where ὥ  , ὥ  , ὥ  , ὥ  , ὥ  , ὦ  , ὦ  ȟὦ  are constant values. 

The mathematical formulation of electricity cooling co-optimization problem 

In this section, the mathematical formulation of the electricity-cooling co-optimization problem is 

presented, including the definition of the parameters and variables of the problem, the objective 

function and the constraints related to the electricity and cooling networks and their devices. 

Parameters:  

ὖ  - Available power from PV 

ὖ  - Forecast of electrical load at time interval 

ῴ  - Capacity of batteries in kWh 

–  - Battery bank charge efficiency 

– - Battery bank discharge efficiency 

  - Forecast of ambient temperature 

Ὕ - Forecast of mean daily ambient temperature 

ὅ  - Startup cost of diesel generator ú 

ὅ  - Diesel generator production cost ú/KWh 

ὅ  - Cost to curtail PV power ú (objective for high RES utilization) 

ὅ - Auxiliary cost variable for thermal discomfort 

Ὓὕὅ, Ὓὕὅ - Limits for the State of Charge of battery system 

ὥ , ὦ  - constant values from ὖ  linearization 
ὥ , ὦ  - constant values from ὖ  linearization 

ὖ , 

ὖ  
- diesel generator production limits 

ῳ† - remainder of the time duration of the time interval divided with 60 min 
   
   

Variables: 

ὺȡὼ ȟίόȟὖ ȟὖ ȟὖ ȟȟὖ ȟȟὛὕὅȟὖ ȟ ȟὖ ȟὝ
ȟ
ȟὝ ȟ  

ὼ  - binary, on/off status of diesel generator at time interval t 

Ὗ   binary, diesel start at time interval t 

ὖ   real, diesel generator production at time interval t 

ὖ   real, battery discharge power at time interval t 

ὖ   real, battery charge power at time interval t 

Ὓὕὅ  real, State of Charge of battery system at time interval t 

ὖ   real nonnegative, curtailed power from PV at time interval t 

ὖ   heat pump electric consumption at time interval t 

ὖ   circulating pump electric consumption at time interval t 

Ὕ ȟ   cooled space temperature upper deviation from ideal set point temperature 

Ὕ ȟ   cooled space temperature down deviation from ideal set point temperature 
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Objective Function 

άὭὲ ὅ Ὗ

ᶰ

ὅ ὖ ῳὸ

ᶰ

ὅ ὖ ὅ ὖ

ᶰ

ὅ ὖ

ᶰ

ὅ Ὕ
ȟ

Ὕ ȟ

ᶰ

 

(126) 

The first term of the objective function describes the startup cost of the diesel generator(s), the 

second its operational cost, the third the charging and discharging cost of the battery system, and 

the fourth implements an auxiliary cost in order to avoid the photovoltaic curtailment and the last 

the cost of the thermal discomfort as the deviation from the ideal cooling temperature set point. 

In cases where the algorithm is applied to islanded energy systems, as follows, the photovoltaic 

curtailment cost is not a real cost paid by the users, but an auxiliary cost as mentioned, 

implemented to limit the renewable energy curtailment. The deviation of the cooling temperature 

set point is divided into two positive defined variables to avoid negative cost terms or absolute 

values in the objective function to express the problem as a mixed integer linear programming 

problem. 

Constraints 

Electric Power Balance  

ὖ ὖ ὖ ὖ ὖ ὖ ὖ ὖ  (127) 

 

SOC Calculation & Limits 

Ὓὕὅ Ὓὕὅ ρππ
ὲ ὖ ῳὸ

ῴ
ρππ
ὖ ῳὸ

ῴὲ
 

(128) 

ὛὕὅὛὕὅ Ὓὕὅ (129) 

Diesel Generator Limits 

ὼ ὖ ὖ ὼ ὖ  (130) 

 

Cooling temperature set point equation and deviation limits 

Ὕ Ὕ ȟ Ὕ
ȟ

Ὕ ȟ
 (131) 

π Ὕ
ȟ

Ὕ ȟ  (132) 

π Ὕ ȟ Ὕ ȟ  (133) 

 

Heat pump power consumption 

ὖ ὥ Ὕ ὥ Ὕ ὥ Ὕ ὦ
ὥ ὸ ὦ ȟὭὪ ὸ ρφ

ὥ ὸ ὦ  ὭὪ ὸ ρφ
 

(134) 
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Circulating pump power consumption 

ὖ ὥ Ὕ ὥ Ὕ ὥ Ὕ ὦ
ὥ ὸ ὦ ȟὭὪ ὸ ρφ

ὥ ὸ ὦ  ὭὪ ὸ ρφ
  

(135) 

The co-optimization problem considers constraints from both systems, the electrical and cooling 

systems. The cooling loads are served through the district cooling network and the devices 

responsible for its operation consume electricity. The possibility to affect the cooling temperature 

set point enables the algorithm to decide to either increase the total cooling load by decreasing 

the temperature set point inside the cooled spaces or to decrease the load by increasing the set 

point. This operation is strictly dependent on basic parameters of the electrical system, such as 

the availability of photovoltaic production and the forecast of the electrical load at every time 

interval. The target of the co-optimization algorithm is to minimize the operation of the diesel 

generation and to operate the battery system with the minimum possible cost, avoiding extreme 

charging or discharging events, to achieve the minimum total operational cost of the system.  

5.5 Case study analysis based on the Gaidouromantra microgrid 

The proposed co-optimization was evaluated using historical data from the Gaidouromantra 

microgrid (MG), which were adjusted to a probable future scenario, including a district cooling 

network infrastructure and also a higher electric load level and RES integration. It has to be 

mentioned that the general formation of the presented algorithm is going to be implemented in 

the three demo microgrids, Gaidouromantra, Ghoramara and Keonjhar, with the required 

modifications, and the simulation that follows in this section is just one of the test cases.  

 

Figure 31. Top view of the designed Gaidouromantra DCN with thermal losses per pipe (ȹq<0.25kW: blue lines, 
0.25kW<ȹq<0.45kW: orange lines, ȹq>0.45kW: red lines) 

The historical data covers the August of 2019 since during this month the houses of the MG are 

mainly inhabited. A diesel generator with 30kW nominal power and 5 kW technical minimum was 

considered. Its cost was derived from an industrial product with 0.7 ú/KWh and 0.7ú as the start-

up cost. The BES has 30kW nominal power, 200kWh nominal storage capacity and total PV 

integrated power was considered 85kW. PVs and load measurements from 1 August were used. 
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In the optimization module, the SOC upper and lower levels considered were 30 and 90% 

respectively. The charge/discharge coefficients were selected at 0.9.  

The houses were considered to have the same orientation and the same structural components 

and a fraction of glass pane on every wall area. The ideal cooling set point temperature was set 

at 26  and the upper and down deviation is 2 . The cooling system is considered to operate 

from 12.00 to 18.00 pm. The forecast and optimization modules were executed every 15 minutes 

updating the control actions. An overview of the designed DCS is presented in Figure 31. 

  
(a)           (b) 

Figure 32. Dimensionless (a) electric load curve, (b) PV production curve 

The pattern of the diagram of Figure 32(a) was implemented considering five times greater loads 

for the future scenario, as the diagram of Figure 32(b) with 85 kW PV nominal power. 

5.5.1 Co-optimization comparison with other methods 

In this section, the electricity cooling co-optimization algorithm is compared with a single electricity 

optimization algorithm which does not have the possibility to manage the cooling loads and with 

a Business-as-Usual model, while their operation is evaluated through real data from the 

microgrid of Gaidouromantra in Kythnos island, Greece. Specifically, it is investigated if advanced 

techniques that deal with the MG forecast uncertainty and implement multiple energy vectors offer 

any added value compared to a deterministic approach. Both the co-optimization and the 

electricity optimization algorithms are MILP problems solved with RHC method, regarding the load 

uncertainties of the microgrid. The BaU model is based on a simple algorithm which activates the 

diesel generator at 30% SoC and deactivates it at 90% SoC. 

     Table 3 summarizes the basic results for the three different algorithms simulation. The co-

optimization model leads to an 11.68% reduction in the total daily operating cost compared to the 

electricity optimization model and 74.26% compared to BaU model. This reduction is the outcome 

of the diesel generation usage limitation, especially from the BaU model. The two optimization 

methods have similar results, while the co-optimization model achieves better management of the 

battery system operation, reducing the maximum value of the state of charge and further limiting 

diesel usage. 
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Table 3. Co-optimization comparison with electricity optimization and BaU model 

Method Cost (ú) 
Diesel Usage 

(kWh) 
SoC min (%) SoC max(%) 

EI-C co-optimization 20.74 25.96 30.17 85.91 

Electricity Optimization 23.48 29.85 30.17 88.51 

Business as Usual 80.59 67.2 30.0 90.0 

 

The power production, loads and curtailment associated with the three methods are shown in 

charts of Figure 33. The three charts in the top row shows the generations consisting of PV 

production, diesel generation and battery discharge for the three methods. The three charts in the 

bottom row shows the electrical load, battery charging and PV curtailment for the three methods. 

The PV curtailment on the BaU model and the avoidance of curtailment on the optimization 

methods is evident from the figure. Also, the augmented usage of the diesel generator is seriously 

limited in the two other methods, so two of the basic targets of the optimization are met. The 

difference in the operation between the co-optimization and electricity optimization methods 

stands in the management of the cooling loads and the avoidance of further discharging of the 

battery system, which causes further usage of diesel generation at the end of the day to restore 

the energy level of the batteries to its initial point. This will be further explained subsequently. 

 

Figure 33. Comparison of BaU, electricity optimization and co-optimization models based on electricity production 
(top row) and, loads and curtailment (bottom row). 



 
 

 

 D3.1 Report on the Co-optimization Tool and DSM Scheme                                                 [72]                                                                             

 

5.5.2 Cooling load management through co-optimization algorithm 

The management of the cooling loads during the operation of the co-optimization algorithm is 

going to be analyzed in this section. As mentioned, both BaU and electricity optimization methods 

can not affect the cooling loads and get to serve the summary of electricity and cooling loads.  

 
Figure 34. Cooling load management through co-optimization algorithm. 

 
Figure 35. Cooling load management and PV production. 

On the contrary, the co-optimization model treats the set point of the temperature inside the cooled 

spaces as a variable and decides whether to increase or decrease this set point inside the 

deviation limits and respecting the thermal discomfort term in the objective function. This 

operation is visualized and explained in the next two diagrams of Figure 34 and Figure 35. The 

algorithm decides to increase the loads by decreasing the temperature set point during the first-
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time intervals of the cooling system operation and decreasing them in the following hours. This 

action is understandable by Figure 35 which shows that the turning point from increase to 

decrease coincides with the decrease in PV production. So, in the co-optimization model, there 

is further direct usage of PV production and avoidance of further discharging of the battery system 

for some time intervals, which results in the limitation of the diesel generator to restore this amount 

of energy at the end of the day. 

5.5.3 Diesel generation limitation 

The next three diagrams of Figure 36 present the limitation of the diesel generation usage 

achieved by the co-optimization model. The BaU model activates the diesel generator when the 

SoC reaches 30% until it rises to 90% of its total capacity. This results in the existence of curtailed 

energy as there is not enough energy storage space during the hours of excessive PV production 

that overcomes the loads. This is avoided in the two methods, but co-optimization achieves even 

further limitations compared to electricity optimization for reasons that were explained in the 

previous section. 

 
(a)         (b) 

 
(c) 

Figure 36. Diesel generation for (a) BaU, (b) electricity optimization (c) co-optimization 
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5.5.4 Battery system operation 

The diagram of Figure 37 below depicts the State of Charge of the battery system for the three 

compared models. The co-optimization model achieves a smoother operation that reduces the 

operational cost by avoiding further charging and discharging which entails energy losses due to 

the charging and discharging efficiency of the batteries. It is also important that a smoother 

operation of the battery system ensures a greater life of the batteries and prolongs the usage time 

of the storage infrastructure. 

 

Figure 37. State of Charge of the battery system through the day for the three models. 

5.6 The implementation of ecoMicrogrid co-optimization algorithm into ecoTools 

The co-optimization algorithm designed for the ecoMicrogrid tool is responsible for the 

management of the microgridsô power production units, HVAC units, battery storage system, and 

for price indication. The tool also applies a forecast of the loads and the photovoltaic production 

of the microgrids and using the proposed DSM algorithm in section 6.5, available time slots and 

price indication for the loads are communicated with ecoCommunity, to provide suggestions to 

consumers, when to book the time slots. The operation of the co-optimization algorithm of the 

ecoMicrogrid is also responsible for the signals sent to the inverters, for the charging or 

discharging of the battery system, the controllers, for the on/off of the diesel generator(s) (if 

existing), and the ecoDR, which controls the HVAC unit.  

Fig. 38 describes the general structure of the implementation of the ecoMicrogrid co-optimization 

algorithm into ecoTools. The ecoMicrogrid tool is going to be applied in the three microgrid demos, 

Gaidouromantra, Ghoramara and Keonjhar, while not all its functionalities are going to be applied 

in every demo. For example, the control of diesel generators or HVAC units is not going to take 

place in the demos that do not have the corresponding infrastructure, where simpler versions of 

the scheme are going to be applied. 
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Figure 38. Implementation scheme for ecoMicrogrid co-optimization 
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6 Demand Side Management and Classification of Loads 

6.1 Introduction 

The DSM mechanism develops several conceptualization frameworks. The main idea of this task 

is to analyze the loads and provide the flexibility as demand side management (DSM) scheme 

There are three main tasks that must be accomplished: 

¶ Identifying critical and non-critical loads. 

¶ Developing the concept for time slots. 

¶ Developing the concept for dynamic pricing indication for the demand side to be 

incentivized. 

These tasks are based on the literature review performed in subsections 2.2 and 2.3. As a part of 

DSM, the non-critical loads are loads that have the potential to be shifted in time as given in 

subsection 2.2. Such loads can then be incentivized to participate in DSM as presented in 

subsection 2.3. 

6.2 Classification of Loads 

In this subsection, a clear classification of the loads is presented. The flowchart for classifying the 

loads based on their control and operation is presented in Figure 39.  

 

Figure 39. Classification of loads provided for ecoMicrogrid 
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The classification of the loads can be divided based on two timelines, the day-ahead and real-

time.  

¶ The first one is the day-ahead timeline. In the day ahead, the concepts for time slots and 

dynamic pricing indications for the demand side to be incentivized are developed. The 

concepts will focus on communal loads and private dispatchable loads. Such loads could 

be critical and non-critical, as well as controllable and uncontrollable. Often, household 

loads are considered critical load which is constantly on, until there is a need to shut them 

down. In a situation where households hold enough flexibility, they can be considered as 

a private load with limited flexibility. However, the overall idea of the concepts for the time 

slots should be simple and it will be explained in further sections. 

¶ The other timeline is the real-time timeline. For the real time (RT) operation, the concept 

of the dynamic pricing indication is developed for the flexible loads. The prices could 

include the price in the current moment and moment t+1. This part highly depends on what 

is possible at each demo site, and what is the current pricing mechanism. In the RT 

timeline, there is a possibility of providing flexibility from the households as well. 

Before continuing towards the concepts of DSM, an example of the classification of the loads is 

presented in Figure 40 

 

 

Figure 40. Example of the generation, storages and classification of loads 

Based on Figure 40, the loads can be divided into critical and non-critical loads. 
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¶ Non-critical loads include communal loads and privately-owned loads (commercial loads). 

Privately owned commercial loads are controllable and flexible in case of emergency. 

They can provide the required flexibility needed. Communal loads are loads which are 

controlled by the community. The non-critical communal loads are loads that are booked 

in advance by the community based on time slots available in ecoCommunity. Such loads 

are used according to time slots, however, shut down in case of severe emergency 

situations (rice mill, etc) 

¶ Critical loads are communal loads that serve the community well-being and households. 

The critical communal loads are switched on all the time as necessary and only shut down 

in case of severe emergency (school, hospital, cold storage, etc). They are not controllable 

and non-flexible. Another critical and non-controllable load is households. Uncontrollable 

loads are loads that cannot be controlled either due to the unavailability of the 

measurement devices and controls, or because they are the base load, and the flexibility 

cannot be extracted from them. 

 

 

Figure 41. Example of the classification of loads and its controllability for the DA timeline 
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Therefore, it can be concluded that the controllable loads are divided into non-critical communal 

loads and privately owned loads (commercial loads), while the uncontrollable loads are critical 

loads such as larger communal loads and households. An illustration of the proposed day ahead 

(DA) classification of the loads is provided in Figure 41. Therefore, there is flexibility available 

from non-critical communal loads and commercial loads 

6.3 Concepts for time slots and dynamic pricing indication for demand side 

management 

The various concepts of providing DSM are developed. The four concepts based on type of loads 

and demos sites are described below. 

 

Figure 42. Overview of the calculation of the surplus of RES to be used in algorithm for time slots 
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6.3.1 Concept 1: Suggestion to private owned loads to participate in dedicated time slots 

Concept 1, hereon referred to as C1, evolves around non-critical loads with time-shifting potential, 

the private dispatchable loads. In this concept, a pool is created in ecoCommunity and 

suggestions are given to the community to participate in DSM in dedicated time slots. The 

background of DSM in C1 is the response of non-critical communal loads to high excess 

production of renewable energy sources (RES). 

The overview of the first part of the C1 is presented in Figure 42. Based on the previous 

classification of loads, Figure 42 introduces the description in terms of operational flexibility. 

The non-critical privately owned loads are flexible loads which can be controlled. Such loads will 

be activated and provide the demand response according to the time slots depicted in the day-

ahead which are based on the day-ahead estimation of the renewables. Finally, the critical loads 

are considered mainly uncontrollable and base loads. 

Therefore, the time slots will be made for the communal non-critical loads which can participate 

in demand response. The demand response will be a response to the excess production of 

renewables. Based on Figure 42, there are several steps in order to calculate the excess power 

from renewable energy sources (RES). 

 

Figure 43. Overview of the algorithm for the time slots 
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As mentioned, the critical loads are the base loads, and therefore, load estimation is required. 

The load estimation entails the forecasted values of the critical loads. Except for the critical loads, 

the forecasts of the RES-based generation are required. Hence, the forecasts are developed for 

the forecasting horizon of 24 hours. Once the forecasted values are available, the surplus power, 

i.e. excess of the RES, is calculated. The surplus is calculated as a difference between the 

aggregated RES-based generation and the aggregated critical demand. This is calculated for 

every hour for the prediction horizon of 24 hours. The calculation of the surplus power will take 

effect at a time most appropriate for each demo site, while the horizon is not limited to 24 hours 

ahead. 

Additionally, the calculation of surplus power can include also the generation based on 

conventional generators or energy storage systems (ESS). In a situation where those parameters 

are excluded and in order to assure some flexibility, a threshold for the critical loads can be 

integrated. 

Once the surplus of RES is obtained, the high and low renewable values can be seen as shown 

in Figure 43. The entire 24h prediction horizon is split in high and low RES-based excess surplus 

slots. Each time slot is described by the colour. The colour represents the dynamic pricing 

indication where red notes high RES-based generation, while green notes low RES-based 

generation. 

So as a general example here, the first few periods of the day have very low renewable production 

which means very low surplus power. This period will not have a high number of available time 

slots for booking the communal loads. The booked time slots can be used; however, the price will 

be higher. Therefore, this timeslot will be red which will illustrate the high price.  

The second scenario is a period with high renewable production which means very high surplus 

power. This time period will have a larger margin for the communal loads that can be connected. 

Additionally, such time slots will be noted with green colour which illustrates the low prices. 

6.3.2 Concept 2: Participation of flexible loads in demand side management 

The second concept, Concept 2, hereon referred to as C2, includes the non-critical flexible loads 

with time-shifting potential into the DSM scheme. C2 focuses on flexible loads that are planned 

to be activated in the dedicated time slots to provide additional flexibility as demand response 

units. This option is explored in a situation where communal loads or private loads are critical or 

with limited flexibility and cannot be booked by the community. Note that while C1 takes into 

consideration the community engagement and their preferences, C2 provides a DSM scheme 

based on the outcome of the optimization problem. In this situation, flexible loads can be pre-

booked and visualized time slots can be provided indicating the periods of high or low RES-based 

generation. 

The production of RES-based generation and demand is forecasted. Once the forecasted values 

are available, the excess (peak) production of RES is provided. Such excess power is used in 

DSM.  

As a result of the optimization problem, the resulting excess of RES is used as a DSM scheme 

by activating the flexible demand. Based on this, the time slots are provided where the load will 
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be activated. This time slot can then be sent to ecoCommunity. The overall concept is given in 

Figure 44. The flexible loads are therefore completely controlled by ecoEMS/ecoMicrogrid. 

 

 

Figure 44. Concept 2 - flexible loads providing DSM 

6.3.3 Concept 3: Participation of flexible and communal loads in DSM 

Concept 3 includes flexible loads and communal loads with limited flexibility with time-shifting 

potential into the DSM scheme. Concept 3 focuses on flexible loads that planned to be activated 

in the dedicated time slots to provide additional flexibility as demand response units, as well as 

the communal loads and privately dispatchable loads with limited flexibility which can be 

controlled by the community by providing the pool for the time slots. Keep in mind that in contrast 

to C3, C1 takes into consideration the community engagement and their preferences and includes 

the communal and private dispatchable loads, while C2 includes the flexible loads which can 

provide DSM in dedicated time slots based on the outcome of the optimization problem 

6.3.4 Concept 4: DSM through co-optimization of multi-energy system 

The last concept where DSM can be applied is through the co-optimization of a multi-energy 

system. In order to increase efficiency, DSM can be provided through the integration of multi-

energy systems. Such integration will provide sufficient flexibility to maintain the stability of the 

system with a high share of renewables. DSM can be provided by linking units that connect 

several subsystems. Therefore, the co-optimization of the energy system is essential, as it can 

simultaneously schedule several subsystems. For example, based on the surplus power of the 

renewables in EPS, the excess power can be used to provide heat through P2H units such as the 

electric boiler. 
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6.4 Pricing Indication in close-to-RT DSM scheme 

The same pricing indication, as presented in the previous section can be applied in real-time (RT) 

as well, where the households can provide a part of the flexibility and participate in DSM scheme. 

Before continuing to households and their contribution to flexibility, the overview of ecoDR is 

given. 

In the RT, the control of the loads is performed based on the system state. ecoDR acts like a 

meter with a controlling switch. In other words, the non-critical loads which are equipped with 

ecoDR can be controlled. ecoDR receives the information from ecoMicrogrid/ecoEMS to turn 

on/off the non-critical loads. ecoDR, therefore, provides measurements to ecoMicrogrid, 

ecoMicrogrid then disconnects the loads if necessary. Overall ecoDR then has the function to 

control and disconnect loads based on the signal received from ecoMicrogrid. 

In the RT, the system stability can degrade. In a system with high penetration of RES, the 

mismatch between the generation and demand is more frequent, which leads to imbalances and 

system instability. Therefore, after the DA scheduling is performed, the set points obtained might 

not be feasible for the RT operation anymore. Therefore, demand response can play a role in 

providing additional services to the system. The pricing mechanism needs to be simple in order 

to achieve a high engagement level from the consumers. The representation of the prices should 

be available for the current moment t and moment t+1 when the households are involved in DSM. 

Therefore, ecoDR installed at non-critical loads as well as households can see the price 

indications in ecoCommunity. However, the prices will be kept simple and appealing.  

Each demo site, as well implementation of the ecoTools will differ based on the system scenario 

and is described in the project deliverable D7.1. These limitations assorted with the demo sites 

are taken into consideration while developing the RT pricing indications and DSM.  

6.5 Implementation of DSM into demo sites 

6.5.1 Bornholm demo site 

The main loads on Bornholm can be divided into electric and heat loads and the classification is 

given in Table 4. 

The main background of the DSM on Bornholm is based on the scheduling of electric boilers and 

district heating systems to accommodate excess PV production. Generally speaking, there are, 

in total, 3 scenarios as for how the DSM can be provided on Bornholm. 

The overview of the first scenario is given in Figure 45. As explained earlier, the production of PV 

power and electric demand is forecasted. Once the forecasted values are available, the excess 

(peak) production of PV is provided. Such excess power is used in P2H unit, in this case, EB. 

Therefore, the forecast of injection of heat from peak-shaving of PV-production by EB is 

calculated. Further on, in this scenario, the demand is aggregated. Since the heat demand is 

critical, the heat demand must be forecasted as well. Once the two forecasted values are 

provided, the optimal schedule of the heat network can be provided. In addition, the HWT has 

available flexibility. 
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Table 4. Types of loads and classification of the loads on Bornholm demo site 

Load Type of load Classification ecoTool Number of units 

Electric boiler Electric 
Non-critical 
flexible 

ecoEMS, 
ecoCommunity 

4 

Electric heater Electric 
Non-critical 
flexible 

ecoDR, ecoEMS 1 

Swimming pool Heating 
Non-critical 
communal*, 
limited flexibility 

ecoEMS, 
ecoCommunity 

1 

Church Heating 
Non-critical 
communal*, 
limited flexibility 

ecoEMS, 
ecoCommunity 

1 

School Heating 
Non-critical 
communal*, 
limited flexibility 

ecoEMS, 
ecoCommunity 

1 

Households Heating 
Non-critical, 

Limited flexibility 

ecoEMS, 

ecoCommunity 
~3-7 

*communal refers to the load that serves the communityôs well being 

 

Figure 45. DSM provision on Bornholm ï Scenario 1 

Figure 46 gives an overview of the second scenario for providing DSM. In addition to Scenario 1, 

this scenario is including the limited flexibility provision from the electric heaters at the households 

which are also considered to be used to provide then the forecast of injection of heat from peak-

shaving of PV-production. The remaining explanation is equal to Scenario 1, with the exception 
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that the equation now includes the limited flexibility that can be provided by the electric heater. 

The electric heater at the household level is connected to ecoDR, and therefore, ecoDR receives 

the signal to connect and disconnect the load. 

 

Figure 46. DSM provision on Bornholm ï Scenario 2 

 

Figure 47. DSM provision on Bornholm ï Scenario 3.1 
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Figure 48. DSM provision on Bornholm ï Scenario 3.2 

Scenario 3 is split into Scenario 3.1 and Scenario 3.2 as shown in Figure 47 and Figure 48 

respectively. In addition to Scenarios 1 and 2, DSM in Scenario 3 is provided by the heat load 

such as households and larger consumers, and hot water tank (HWT) as well. As explained 

earlier, due to the smart meter and control available on the heat consumption side, it is possible 

to regulate the demand at the household level, as well as at the loads such as the swimming pool 

and church. In this scenario, the critical loads have a threshold range, as they can participate in 

flexibility provision. In the situation of low forecasted production by PV, and consequently, low 

forecasted values of injection of heat from peak-shaving of PV-production by EB with which the 

prices are higher, the flexible part of the heat demand can be decreased. In situations with high 

excess PV power, the excess heat provided by EB is then stored at controllable non-critical 

flexible loads by increasing their consumption level. Similarly, HWT provides DSM to operate 

inside certain temperature ranges. 

During the optimal operation of DHS, the technical limitations and capacities for DHS, 

temperatures, mass flows, as well as balancing equations must be included. 

To summarize, on Bornholm, non-critical flexible loads with time-shifting potential provide 

additional flexibility as demand response units are planned to be activated in the dedicated time 

slots. The community engagement as well as DSM will be illustrated through the C2, partly C1 

and C3, and co-optimization model.  

In the DA, DSM is implemented through the suggestion to the users, as well as through the 

optimization framework. As a result of the optimization problem, the resulting excess of RES is 

used in DSM scheme by activating the flexible demand. Based on this, the time slots are provided 

where the load will be activated. Therefore, in DA, DSM is present in three forms: 
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¶ Flexible demand - instead of constant parameters, flexible demand reacts on RES level 

or prices. There are limits inside which flexible demand can operate. In the optimization 

problem, flexible loads are included as variables. 

¶ Co-optimization ï linking units are participating in DSM 

¶ Aggregator that controls flexible demand based on excess of RES 

 

Figure 49. Generation, load and classification of loads on Bornholm for EPS and DHS 

After the DA schedule is obtained, the RT is used for the corrections with the focus on 

minimization of the deviation from the dispatch orders.  

The overview of the generation and demand in EPS and DHS is presented in Figure 49.  
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The units that can participate in DSM are electric heaters, electric boilers, large heat consumers 

and heat demand at the household level.  

 
Figure 50. Generation and load forecasts in EPS on Bornholm to allocate the time slots to heat consumers 

Before the DA scheduling, the community is engaged in the DSM scheme, as the time slots are 

created for the community to participate in DSM. As a first step, the forecasts of the generation 

and demand in EPS are performed, and surplus power is calculated as given in (136) and Figure 

50. The surplus power is calculated as a difference between the forecasted production and 

consumption, as shown in (136). 

 ὖ ὖ ὖ ὖ ὖ ὖ ὖ  (136) 

Such community engagement is performed before the DA optimization. 

The surplus power for RES is converted to heat by the P2H units which on Bornholm are the 

electric heater and electric boiler. The surplus heat is stored in the controllable heat loads, as 

presented in Figure 51, by changing the setpoint temperature. 

In the moments of the high predicted RES generation, the time slots are sent to ecoCommunity. 

As an example, Figure 52 is shown to present the time slots sent to ecoCommunity. From ὸ to ὸ 

and from ὸ to ὸ, the heat consumers are asked if it is allowed to change the set point temperature 

to max temperature (Ὕ ) or either to allow to be inside the dedicated temperature limits.  The 

ecoCommunity sends back the approval or rejection to MS. It should be noted that the loads not 

participating in the community engagement must be excluded from the optimization problem in 

DA scheduling. 
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Figure 51. Surplus power conversion to heat 

 
a) 

 
b) 

Figure 52. a) Surplus power b) Time slots send to ecoCommunity 

6.5.1.1 The implementation of DSM in Bornholm into ecoTools 

The connection of DSM for Bornholm to ecoTools is shown in Figure 53.  The DSM can be divided 

into three steps as follows. 

 Step 1 (before DA scheduling) 

o ecoEMS forecasts electric demand and RES for a horizon of 24 hours 

o ecoEMS calculates the surplus power based on the forecasted and scheduled values of 

the electric power system 

o Based on the surplus power, the time slots are decided and sent to ecoCommunity. 

 Step 2 (before DA scheduling): 

¢ƛƳŜ όƘύ ¢ŜƳǇ ¦ƴƛǘǎ

ὸρπὸς Ὕάὥὼ
CƭŜȄƛōƭŜ ƘŜŀǘ
ƭƻŀŘǎ

ὸσπὸτ Ὕάὥὼ
CƭŜȄƛōƭŜ ƘŜŀǘ
ƭƻŀŘǎ

¢ƛƳŜ όƘύ ¢ŜƳǇ ¦ƴƛǘǎ

ὸρπὸς ¸Ŝǎκƴƻ
CƭŜȄƛōƭŜ ƘŜŀǘ
ƭƻŀŘǎ

ὸσπὸτ ¸Ŝǎκƴƻ
CƭŜȄƛōƭŜ ƘŜŀǘ
ƭƻŀŘǎ

Send time slots and╣□╪● Send toecoEMS
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o The community engages and accepts/rejects the temperature increase in the dedicated 

time slots. 

o ecoCommunity sends back the accepted/rejected time slots to ecoEMS (From ὸ to ὸ, the 

heat consumers are asked if it is allowed to increase the set point temperature and which 

is the max temperature, Ὕ ) 

 Step 3 (DA scheduling and close-to-RT): 

o ecoEMS takes the dedicated time slots into consideration - the loads not participating in 

the community engagement must be excluded from the optimization problem in DA 

scheduling, as they do not wish to be controlled and participate in DSM 

o ecoEMS provides the DA schedule for 24 hours ahead 

o ecoEMS performs the close-to-RT scheduling/operation 

 Step 4: 

o ecoEMS provides the signal to connect or disconnect the load through ecoDR 

 

Figure 53. Connection of DSM on Bornholm to ecoTools 

6.5.2 Gaidouromantra microgrid 

At Kythnos, there are two different demo sites; Gaidouromantra microgrid and Kythnos power 

system. DSM and community engagement will be implemented on Gaidouromantra microgrid 

only. 

Gaidouromantra microgrid operates autonomously and provides electric power to 14 vacation 

houses, from several distributed energy resources (DER), consisting of PVs (rooftop and ground-

mounted), a battery energy storage system (BESS) and a diesel generator (as a backup source).  

3-phase low voltage overhead AC power lines (operating at 230 V) are used to connect the 

various buildings of the microgrid, as well as a communication cable (RS 485) running parallel to 

power lines. The low-voltage system is formed by the battery inverters. Each house in 

Gaidouromantra is equipped with a water pump, which is responsible for replenishing a water 

Ekdwhakdkn`cr

ŜŎƻ9a{

CƻǊŜŎŀǎǝƴƎ ŘŜƳŀƴŘ ŀƴŘ w9{πōŀǎŜŘ
ƎŜƴŜǊŀǝƻƴ όнп Ƙ ŀƘŜŀŘύ

hǇǝƳƛȊŀǝƻƴ ōŀǎŜŘ ǎŎƘŜŘǳƭƛƴƎςнп Ƙ ŀƘŜŀŘ

tŜǊŦƻǊƳ ƻǇǝƳƛȊŀǝƻƴ ōŀǎŜŘ ƻƴ ōƻƻƪŜŘ ǝƳŜ
ǎƭƻǘǎ ŀƴŘ ǳǇŘŀǘŜ ŦƻǊŜŎŀǎǘǎςмр Ƴƛƴ

.ŀǎŜŘ ƻƴ ǘƘŜ ƻǇǝƳƛȊŀǝƻƴ ƻǳǘŎƻƳŜΥ
{ŜƴŘ ǎƛƎƴŀƭ ǘƻ ŎƻƴƴŜŎǘ ƻǊ ŘƛǎŎƻƴƴŜŎǘ ǘƘŜ ƭƻŀŘ

5ŀȅπŀƘŜŀŘ

/ƭƻǎŜ ǘƻ ǊŜŀƭπǝƳŜ

ŜŎƻ/ƻƳƳǳƴƛǘȅ

5ƛǎǇƭŀȅ w¢ ƛƴŘƛŎŀǝƻƴ ǇǊƛŎŜςǊŜŘκ
ƎǊŜŜƴ

5ŀȅπŀƘŜŀŘ

/ƭƻǎŜ ǘƻ ǊŜŀƭπǝƳŜ

ŜŎƻ5w

aƻƴƛǘƻǊƛƴƎ ƻŦ ǘƘŜ ƭƻŀŘ

{ǿƛǘŎƘ ƻũκƻƴ ǘƘŜ ƭƻŀŘ

wŜŀƭπǝƳŜ

CƻǊŜŎŀǎǝƴƎŀƴŘƻǇǝƳƛȊŀǝƻƴƳƻŘŜƭ

¢ƛƳŜ ǎƭƻǘǎ

5ƛǎǇƭŀȅǎ ǘƘŜ ŀǾŀƛƭŀōƭŜ ǝƳŜ ǎƭƻǘǎ ŦƻǊ
ǘƘŜ ƭƻŀŘǎ

/ƻƳƳǳƴƛǘȅ ŀƭƭƻǿǎκǊŜƧŜŎǘǎ ǘƘŜ ǝƳŜ
ǎƭƻǘǎ

!ƭƎƻǊƛǘƘƳ ŦƻǊ ǝƳŜ ǎƭƻǘǎ ŀƴŘ ǇǊƛŎŜ ƛƴŘƛŎŀǝƻƴ



 
 

 

 D3.1 Report on the Co-optimization Tool and DSM Scheme                                                 [91]                                                                             

 

tank and in this way supplying water to the household. In addition, the residents use the water for 

some small-scale agricultural activities and gardening.  

The ñcenterò of the microgrid is the ñSystem Houseò, a building constructed to house the BESS, 

the diesel generator, the grid forming inverters and all the computer and communication 

equipment used to monitor the grid. The rooftop of the system house is used for the installation 

of PVs. 

The overview of the Gaidouromantraôs generating and demand is given in Figure 54. 

 

Figure 54. Generation and demand at Gaidouromantra 

The classification of the loads on Gaidouromantra is provided in Table 5. The term private 

dispatchable loads are loads that are not communal, however still participate in the pool of the 

time slots. 

Table 5. Types of loads and classification of the loads on Gaidouromantra demo site 

Load Type of load Classification ecoTools Number of units 

Water pump in 
households 

Electric 

Residential 
(private 
dispatchable 
loads*) ï pool for 
time slots 

ecoMicrogrid, 
ecoCommunity, 
ecoPlatform 

3 

Household loads Electric Critical 
ecoMicrogrid, 
ecoPlatform 

8 

System House 
load 

Electric Critical 
ecoMicrogrid, 
ecoPlatform 

1 

HVAC Electric/Thermal Flexible 
ecoMicrogrid, 
ecoDR, 
ecoPlatform 

1 
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Figure 55. Classification of loads at Gaidouromantra 

At Gaidouromantra, the concept of C1 is planned to be implemented as a DSM scheme. To 

summarize, the concept that is applied to Gaidouromantra includes non-critical private 

dispatchable loads with time-shifting potential. In general, a pool is created, and suggestions will 

be given to the residents to participate in DSM in dedicated time slots based on the calculation of 

the surplus power from RES. 

Therefore, the overview and classification of the loads at Gaidouromantra are presented in Figure 

55. 

In order to create a pool, the following steps are required. 

Firstly, the forecasts of RES-based uncertainties are required. In addition, the forecast of the 

critical load is obtained. The forecasts are developed for a period of 24h ahead. Based on 

forecasted values of uncertainties, the surplus power is calculated as a difference between the 

aggregated RES-based generation and the aggregated critical demand for every hour for the 

prediction horizon of 24 hours. This is performed for the horizon from 12 am to 12 pm.  

Further on, the distributed solar PV that are present in Gaidouromantra, with batteries supporting 

the electricity supply. The distributed solar PV is considered as aggregated solar PV while 

calculating the surplus power of PV. 

For each of the water pumps in the household, the following is noted.  
































