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Abstract 

Future electricity grids need to be flexible on the demand-side to make credible decarbonizing energy 
policy (specially, the integration of renewable sources). Therefore, international trends establish that 
Power Systems will need more active consumers which will have small generation resources, some 
storage facility and should increase electrification (e.g., transportation). Traditional barriers begin to 
break down; for instance, the consideration and remuneration of demand and generation resources 
(considering their capacities). An active participation of customers and the demonstration of their real 
and future capabilities are important challenges for small and medium segments. The research 
network REDYD-2050 has been funded by Spanish Ministry of Science since 2015 and it integrates 
ten research groups in key technologies areas for the development of Distributed Energy Resources 
(DER). This work presents the objectives of REDYD-2050, some of its works, points of view and 
experiences in different problems dealing with load and storage modeling, aggregation, load control 
and monitoring, enabling technologies, cybersecurity concerns, markets, demand and generation 
forecasting. All these methodologies with the aim to integrate DER and propose innovative solutions 
to problems which will appear in the short and medium term. 
 

1 Introduction 

The main purpose of REDYD-2050 research network is to exchange knowledge and experiences that 
will contribute to the development and deployment of DER in Power Systems.  For this purpose, it is 
necessary to develop and improve methodologies to evaluate technical capacities of DER and 
compare them with "conventional" supply-side resources. Also, it is important evaluate their cost-
effectiveness in future [1] and non-conventional markets [2] because different revenue (supply vs. 
demand) is a barrier of entry for new technologies. Obviously, equality in revenue must be based in 
the principle of equality in capabilities. These hypotheses must be demonstrated and verified for DER, 
and specially for Demand Response (DR, e.g., equality in revenue has been established in the USA 
in 2011 but modified in 2020 [3]). The so-called "Energy Union" is one of the thematic priorities for the 
European Commission (EC), where DER should play a key role in energy policy if the integration 
trend of RES aims to be credible. According to IEA reports [4], the share of RES in residential and 
service buildings in the EU increased around 24% in 2017. In this year, total renewable energy 
accounts for around 50 Mtoe (the direct use of RES for electricity and district heating in building). EC 
states [1] that the future electricity market should have at its core an active consumer taking 
advantage of new and enabling technologies to reduce their costs and allowing that customer fully 
participate in the energy transition. From the economic point of view, the potential of DER is relevant. 
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For instance, benefits from 120 M€/year to 1440 M€/year in the EU (depending on the scenario being 
considered). Technically, DR could explain 24% of peak shavings in the most favorable and ideal 
forecast [5].  
On the other side, small and medium consumer segments explain for more than 50% of consumption 
of EU-27 [6], so their contribution in new markets and services is of the highest economic interest. But 
customers need demonstrators, pilots, and in-depth exploration of their possibilities. The development 
of DER in these segments is complex and includes the linkage amongst many different problems 
(figure 1): the need for aggregation and third parties; the deployment of Information and 
Communication Technologies (ICT) and the capital cost efficient loads; the complexity of markets; the 
lack of experience or pilots (e.g., in local markets); lots of barriers (legislative, education, minimum 
aggregation levels); complexity of products and markets or the volatility and scarcity of cost and 
revenue. 
 

 
Figure 1. REDYD2050 overview of DER issues, framework, tasks, and expertise of the 
consortium by team (team acronyms: UC3M: U. Carlos III; UMH: U. de Elche; IIT; Comillas 
Pontifical; US: U. de Sevilla; UPM: U. Politécnica de Madrid; IIE-UPV; Institute for Energy 
Engineering; UZ: U. de Zaragoza; UPCT; U. Cartagena; URioja: U. de La Rioja; UVigo: U. de Vigo). 
 
Main REDYD-2050 contributions and future developments in some of these areas depicted in figure 
1. It represents the interaction between some of the tools being used by the different agents involved 
in DER: customers, aggregators, marketers, Curtailment Service Providers (CSP), Local Serving 
Entities (LSE), Balance Responsible Parties (BRP) or Distribution Systems Operators (DSO). A main 
concern is that small and medium customer need a minimum threshold to participate in markets and 
services (from 50kW to 1MW according to different rules of each market or country). This can be done 
through aggregation. First, the evaluation and deployment of DR potential need some elemental 
models (PBLM, left side in figure 1) and further aggregation procedures to simulate the aggregated 
response (houses, buildings…). In this way, the aggregator of demand is able determine the potential 
of resources (e.g., minimum reduction levels, loss of load service, energy recovery…). As DR is 
usually achieved by Thermostatically Controlled Loads (TCL) with some kind of storage (explicit or 
implicit, i.e., the walls of the dwellings or a heat reservoir), aggregators need some tools to perform 
DR simulations before the event or response is due to guarantee that customer service remains 
above some limits (e.g., indoor or water temperature).  
Another important aspect is the necessary linkage between tools and methodologies. For example, 
Non-Intrusive Load Monitoring (NILM) applied to Smart Meter (SM) data to tune the parameters of 
each PBLM model.  
But at the present aggregation is a problem that encompasses more resources than load. Prosumers 
increase their share in distribution systems and include storage and generation which changes net 
demand (left side of figure 1). Then, it is necessary to consider homogeneous and heterogeneous 
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groups of loads and storage resources. Another use of NILM is to help in the development of average 
end-use patterns (i.e., the so-called Customer Baseline Load, CBL) from smart meters’ 
measurements. Another example of synergy between methodologies is the participation in energy 
markets (right side of figure 1). The aggregator needs load forecasts to define the energy 
requirements in day-ahead markets and avoid penalties in balance markets, but also price forecast to 
evaluate the potential of implicit DR through economic models for DER. 
The rest of the paper is organized as follows. Section 2 is dealing with the literature review of CBLs, 
focusing on their importance in DR programs, the wide range of existing approaches and their 
relationships with STLF methods. In Section 3, a revision of traditional CBLs and their adjustments 
are introduced, the PBLM is explained and the procedure to evaluate the DR performance from an 
economic point of view is presented. Section 4 depicts the case study and illustrates the necessity of 
new adjustment factors to improve CBLs, whereas Section 5 shows the results obtained for the case 
study when the proposed method that considers PBLM is applied. Finally, in Section 6, some 
conclusions are stated. 
  
 

2 DER and Active Customers 

2.1 Characterization and Aggregation of DER 
It is important that markets are not unnecessarily complex to understand (from the point of view of 
small/medium customers) and access to complex products (customers and aggregators). Also, it is 
recommended in the EU [7] that the barriers for entering multiple markets must be lowered, to help 
the so called “stack value” across markets. For these reasons, it seems necessary to use flexible and 
“simple” tools to characterize and aggregate DER. 
In this case, the proposal of REDYD2050 team is the use of Physical-Based Load Models (PBLM, 
[8]), i.e., grey-box models. The philosophy of these models is that they intend to reflect the physical 
phenomena of the loads and their environment through a simplified thermal-electrical analogy. In this 
way, the model can be fitted and committed to develop several tasks. In this case, different 
commitments for energy balance, ancillary services, energy markets, or capacity markets in simple 
and complex products can be achieved, as it was proposed in [9].  
Figure 2 depicts an example of this methodology for Water Heaters (WH). The hot water reservoir, 
i.e., the capacity of energy storage is modelled by two capacitors (C1 & C2) in the equivalent model 
(these two capacitors represent the stratification of hot/warm/cold water during the periods of use of 
the load, mainly during water draws). Energy conversion is represented by two current sources (for 
the heat pump, HHP, and the auxiliary resistor). The control by a switch that can change the operation 
(single or dual sources) of the real load. It is also necessary to consider the service the customer 
obtains from this load (hot water flow q(t) at X1 temperature) and to monitor (or simulate previously) 
this temperature to avoid customer discomfort during a control. All these parameters can be estimated 
with AI methodologies, for example Genetic Algorithms from submetering devices database or from 
Non-Intrusive Load Monitoring methodologies (NILM) in real situations. 
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Figure 2. Electrical-Thermal equivalent of Heat Pump Water Heather (HPWH): appliance and physical 
processes being modelled. 
 
This model can be mathematically represented by a state-space system. Eigenvalues of this system 
allow the aggregator to obtain the different periods in the load transient state and determine the 
necessary changes in the model (reductions/refinements) and the horizon of response of the load 
(i.e., demand reduction vs. load service). According to these values, specific markets and services 
can be selected as a suitable target for DR through the load. Moreover, these values enable the 
definition of criteria for the aggregation of different loads (homogeneous and heterogeneous groups, 
depending on minimum levels of response in each system, from 50 kW to 1MW [23]) and different 
end-uses to guarantee a fast or coherent response of load group in complex scenarios (e.g., several 
markets and services). It must be considered that other DER resources could be managed out of 
load. This is a core issue for REDYD2050 research groups in the future horizon 2050. 
The consideration of service variables (e.g., temperature of hot water X1, state of charge…) makes 
possible to determine the availability of each DER resource to participate in different markets: balance 
(through storage) and frequency services (energy conversion through HP compressors and auxiliary 
resistors) without a significant loss of load service (in the case of figure 2, q(t) at a minimum 
temperature).  

2.2 RES Forecasting  
Short-term forecast of power generation in small-scale plants based on RES integrated in grids 
(medium and low voltage) is essential to enable a successful participation of small and medium 
consumers in electricity markets and smart grids. In this context, special focus has been placed on 
photovoltaic (PV) power generation forecast, since PV systems are the RES based generation with 
higher global capacity annual growth in the last three years [10], and a significant part of these 
systems is integrated right next to residential consumers. 
The development of PV generation forecasting models has followed a parallel path to the 
development of load or wind power forecasting models. Models based on time-series approaches, 
regression techniques or machine-learning methods have been widely described in the literature in 
recent years. In general, short-term forecasting models of PV power generation, due to the volatility of 
the solar resource, present relatively greater forecasting errors than load forecast models for a same 
time scale. Furthermore, the performance of PV power forecasting models is site-dependent, i.e. 
models developed for a particular PV plant may give very different performance when applied to 
plants in locations with different climatic conditions. 
Short-term PV power forecasting models (up to 48 hours in advance) need a set of explanatory 
variables including weather forecasts obtained with numerical weather prediction tools. These 
weather forecasts correspond to global horizontal irradiance, temperature, wind speed at a few 
meters above the ground surface and cloud cover, all with the desired spatio-temporal resolution. 
Although these models give the best forecasting results for horizons above a few hours, for smaller 
horizons (minutes to a few hours) persistence models can offer better results. The persistence model 
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[11] assumes that the clear-sky index (relation between measured power output from a PV system 
and the simulated power output under clear-sky conditions) remains constant. 
Our works, within the REDYD-2050 network, has been aimed not at developing new short-term 
forecasting techniques, but at illustrating how combined load and PV generation forecasts can be 
useful for the proposal of efficient DR strategies, and how DR actions can damper the forecast errors 
due to both of the combined models [12]. We have also found that simple error adjustment techniques 
can substantially improve the forecasting performance for 1-2 hours horizons using the PV power 
forecasts obtained the previous day. 
In the near future, our research works will be focused on the development of PV power generation 
probabilistic forecasting models, i.e., models that include information related to the uncertainty in the 
forecast, and their integration in decision-making processes related with DR actions and consumers’ 
participation in electricity markets. 
 
2.3. Integration of loads and renewable sources 
 
Four ways of using demand flexible-load resources with some kind of energy storage can be found in 
papers and technical reports: peak saving, energy storage, fast response and energy efficiency. 
Some of them have been reported by REDYD research groups [9]. Usually, ways of using DER are 
centered in Power System problems but, as stated before, engineers should focus their effort on new 
customers, and specifically in prosumers. For instance, some authors have presented [24] an 
elemental and an aggregated model for the Australian Power System that intend to switch controllable 
demand from low to high renewable sources periods and make more profitable RES in small and 
medium users, independently of power system peaks. Following the example presented in subsection 
2.1, HP Water Heaters have been selected to show the capabilities of an aggregated model to explain 
changes of demand and follow small renewable PV generation. Figure 3 depicts the demand of 
HPWH aggregated load (blue line) without control committed to follow low price periods (ToU, 
dynamic tariffs or market prices). The planned target (orange line) is to change demand from early 
morning to morning-afternoon period to take profit or store RES capacity of generation. The result is 
also shown in figure 3. It demonstrates the possibilities and flexibility of this kind of loads, the 
possibility of interaction between DER, and the success of this flexibility to take the maximum profit 
from PV potential enabling the engagement of prosumers in DER portfolio.  
  

 
 

Figure 3. RES commissioning of Heat Pump Water Heater aggregated load 
 

2.4 Certification and Validation: Baselines 
Problems in the evaluation of revenue and the measurement of energy flows may arise when a 
customer has several different contracts; one with the retailer (i.e., an implicit demand mechanism 
appears) and another with an aggregator (providing response to explicit DR in several services or 
markets) [7]. Certification of DER presents the same problem. There is a need to evaluate and justify 
an amount of flexibility to be achieved through DER but that cannot be measured outside lab 
scenarios. These issues require the use of a simple and understandable Customer Baseline Load 
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(CBL) methodology. The lack of appropriate and standardized CBL is reported as a barrier for access 
to markets [7]. Usually, these CBL are not standardized or accurate, and sometimes there are specific 
developments for a customer (regression methods, neural networks, machine learning…) system or 
country. In other cases, the effort to obtain this methodology is too high and makes more difficult the 
penetration of DER, especially when the aggregation of resources is needed. 
The proposed idea of REDYD2050 team is to use a well-known and stated CBL approach, for 
example the evaluation of X past data in a period Y (e.g., HighXofY, MidXofY, NearestXofY) [13] as 
the base profile for CBL (a basic or conventional profile), but the adjustment coefficients applied to 
improve the performance of CBL in conventional methods, are refined through PBLM (the same 
model used for the evaluation and aggregation of DER, see paragraph 2.1). This approach makes 
more understandable the baseline and could detect gaming or a justified change of load dynamics 
due to weather. A detailed example has been developed in a companion EEDAL22 paper for a 
commercial customer (peak load, 80kW), but other examples for university buildings (peak load, 
500kW) and industrial customers (peak load, 650kW) can be found in [14], [15] and demonstrate the 
potential and possibilities of the proposed methodology. 
The justification of the method is discussed through an example. Let us consider, for instance, the 
CBL in NYISO EDRP reliability program. The adjustment factor is obtained by means of the first two 
hours of the four-hour period prior to the commencement of the reliability event. Figure 3a depicts the 
behaviour of a homogeneous group of Heat Pump (HP) loads. For these loads, and for some control 
periods, this adjustment can be wrong. For example (figure 3.a.), from 5 to 8 am the demand is the 
same, irrespective of changes in weather, due to high coincidence in on periods (all loads start their 
duties). From a specific simulation, we can obtain, for a defined DR period (another example of DER 
for the overall load of an aggregated customer in depicted in figure 3b), the right periods to adjust CBL 
(Pre-adjust and Post-adjust, in the same figure 3b.) and the periods forbidden to choose an 
adjustment coefficient (buffer periods). In this case, a backward adjustment is proposed for the 
estimation of payback (buyback) period after control [14]. In this way, a double adjustment is 
proposed: before DR event to evaluate flexibility, and after DR event to asses energy recovery or 
“buyback”, an important concern for aggregators, LCE and BRP, for balancing purposes). 
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Figure 4. CBL proposal: (a) Simulation of HP aggregated demand for a building at three 
different external temperatures during winter; (b) Adjustment and buffers periods for a DR 
policy and period. 
 
Table 1 summarizes some results with this methodology for three different segments: a commercial 
customer (SME), a university building and an industrial customer (meat sector). Table 1 compares the 
performance of some specific CBL approaches developed for a specific customer, the adjustment of 
these approaches with a “weather sensitive adjustment factor (WS) according [13], and REDYD2050 
method (a base profile HighXofY, MidXofY and an adjustment coefficients based on PBLM to consider 
weather sensitivity of loads with double -forward and backward- adjustments, WS-PBLM). 
 
Table 1. Evaluation of MAPE error (average event-days) for different CBL base profile and CBL 
with an adjustment method (WS: weather sensitive, WS-PBLM: double adjustment with PBLM). 

CBL methodology 
 
Adjustment                   Base Profile 

Commercial 
customer (EEDAL22, 
paper 84). MAPE 

University 
Building  
[14]. MAPE 

Industrial 
customer 
[15]. MAPE 

- Mid6of10 14,49 - - 

- High3of5 15,55 - - 

- Neural Network 15,60 - - 
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WS Mid6of10 6,78 - - 

WS Neural Network 7,09 - - 

WS-PBLM Mid6of10 4,78 - - 

WS-PBLM High3of5 5,09 - - 

- Mid4of6 - - 11,6 
- High5of10 - - 13,5 
- Random forest - - 10,9 
WS Mid4of6 - - 9,8 
WS Random forest - - 9,1 
WS-PBLM Mid4of6 - - 5,6 
WS-PBLM Random forest - - 6,1 
- High5of10 - 10,32 - 

WS High5of10 - 4,92 - 

WS-PBLM High5of10 - 3,87 - 

 
The main conclusion from this table is that “traditional” of “base-profile” baselines (HighXofY, MidXofY) 
reasonably estimate a wide range of customers on average DR event days, but the “traditional” methods 
are not the most accurate for single customers on individual event days (the table shows average 
values). More complex and specific baselines (Neural Networks or Random Forest, for instance) 
sometimes provide marginal improvements in accuracy but with a higher computational cost. PBLM 
adjustment enables an equilibrium between complexity and accuracy. 
 
 
2.5. Local Markets and Services  
 
New opportunities appear for DER, for instance, local markets and transactive energy [2] but they are 
still developed as pilots for segments of small prosumers. The increase of the price of MWh in the 
conventional markets (over 200 €/MWh in most EU countries since last July) opens a way to develop 
and evaluate new forms of energy offers and bids. The design and development of a market 
environment where energy transactions and operation services could be traded at local level appears 
as a real alternative. It will require to develop new mechanisms for the provision of services to and 
from prosumers to guarantee appropriate and sustainable benefits to allow the natural growing of 
renewables by 2050. These ideas have been grouped in the concept of “Transactive Energy”. An 
automated energy transactions and management of DER must be developed soon. Devices such as 
air conditioners, water heaters, HPWH, EV, electric and thermal storage and generation would 
interact with aggregators, LSE, DSO, TSO and ISO. A simplified schema is depicted in figure 4, 
according to results presented in representative pilot experiences [2]. Home automation systems [25] 
have been used for REDYD2050 demonstrators showing a high performance for control and 
measurement [8] at an affordable cost by customers and aggregators. Other systems such as EM3 
and YSI994 by Universal Devices [16] facilitate the development of the “Transactive Energy” (VTN 
nodes) and an effective engagement of customer. It also opens interesting possibilities for local 
markets, considering other methodologies developed for wholesale markets, such as PBLM, 
aggregation, NILM…, see figure 1. Efforts in the development of standards is also a cornerstone for 
this deployment of local markets (i.e., OpenADR2.0). Moreover, “enabling technology” such as EMS, 
SM, gateways, sensors, or actuators are the core for other DER tasks (modelling, validation, testing of 
DER, CBL definition), proposed by REDYD2050 teams, see figure 1. 
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Figure 5. REDYD2050 proposed schema for Transactive Energy in the EU 
 
The integration of enabling technologies, DER and customer opportunities through local markets 
requires an upgrading of the SmartGrid conceptual design as proposed in [17] to fully warranty the 
transparency and integrity of the transactions.  
 

3 Barriers, Challenges and Trends for ICTs 

3.1. The role of ICT in DER scenarios 

Information and Communication Technologies play a key role in Distributed Energy Resources 
scenarios. Communications architectures, technologies, and protocols, as well as Artificial Intelligence 
algorithms, Big Data tools, and Cloud Computing platforms need to be carefully selected to allow 
monitoring and controlling consumption, generation, and storage (including Electric Vehicles) in 
almost real time.  
Once ICT solutions have been tested in medium to large demonstrators, the next challenge is to 
assess how well such solutions scale (since they will be eventually deployed at medium and low 
voltage level) and if they can be replicated in different scenarios without incurring in huge 
investments. As a result, SRA (Scalability and Replicability Analysis) of ICT solutions for Smart Grids 
scenarios with high penetration of DER are winning momentum right now, leveraging on simulation 
tools as a cost and time effective mean to achieve the previously mentioned goal.  
As a matter of fact, part of the REDYD team has participated in the definition and evaluation of the 
methodology proposed in the H2020 project INTEGRID [18] for this purpose and is currently leading 
the ICT SRA in the H2020 project RESPONSE [19]. Notably, the INTEGRID proposal is based on a 
two-stage approach: first, a qualitative analysis, mapping the infrastructure under study onto the 
SGAM (Smart Grid Architectural Model), is carried out to identify potential bottlenecks; second, such 
potential bottlenecks are quantitively evaluated by means of simulations to determine their limits [20]. 
In addition, to achieve the flexibility required in foreseen scenarios, the DSO-TSO coordination is 
essential. ICT also play an important role to allow such a coordination – in some cases – in almost 
real time. Part of the REDYD team is also participating in the definition of ICT architectures for DSO-
TSO coordination within the scope of the H2020 COORDINET [21] and OneNet projects.             

3.2. Cybersecurity concerns  
ICT brings many benefits, but it also entails risks, specifically related to cybersecurity. The 
monitorization and control of the whole electrical infrastructure, including the low voltage level, under 
the IoT paradigm increases dramatically the volume of nodes with connectivity, and so the attack 
surface, exposing such a critical infrastructure more than ever. 
Dynamic risk analysis and management methodologies and tools stands out in this scenario as a 
cornerstone not only to guide investments, but also to assess the risk level of the infrastructure 
continuously and in almost real time. However, such risk analysis resources are inherited from the IT 
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world, where they were developed and have been extensively used, and need to be adapted to the 
OT/IoT scenarios of a critical infrastructure such as the Smart Grid. These scenarios require holistic 
approaches, which involve proactive and dynamic cybersecurity methodologies and tools that allow 
identifying and responding quickly to threats that affect devices, technologies, protocols, and 
communications networks, as well as processes, applications, and the data they manage. The 
challenge now is the design of methodologies that consider the specific processes and dynamicity 
related to the OT systems, as well as the classical IT world.  
In this context, part of the REDYD team has extensive experience researching in dynamic risk 
analysis and management systems [22] through several research projects. The current challenge 
includes the extension of this analysis to the OT scope, and the provision of and integrated 
cybersecurity awareness capability to the different levels of an OT management team. The work in the 
REDYD network is allowing to identify the specific cybersecurity requirements in the area of the DER 
scenarios, and how these requirements can be fulfilled in an IT/OT cybersecurity convergence 
approach.     
 
4 Conclusions  

Active consumer participation in electricity networks and markets is of highest interest in the EU for 
the development of the new internal electricity market and the decarbonization of energy mix. The 
existence of formal barriers for small and medium customers, the aggregation levels and, the 
complexity of the problem for these users, makes it necessary to share and discuss experiences 
amongst researchers from different academic disciplines, consumers and, in general, agents and 
operators of networks and markets. The sharing of experiences within the framework of REDYD-2050 
platform, and the dissemination of its activities can contribute to improvements in the operation and 
planning of DER into the future Power Systems. The search of synergies between different research 
areas must be done to make possible energy objectives by 2050. REDYD is an example of this effort 
in the framework of R&D in Spain.   
This paper has presented different methodologies and tools, and a general framework, that consider 
the necessary linkage between the different problems and issues in DR and DER. It has been shown 
that the integration of methodologies can achieve a positive benefit for the development of DER in the 
energy scenario in 2050, especially complex for small and medium customers. It seems necessary to 
develop more standard tools to avoid complexity and reduce methodological efforts in the deployment 
of DER, and some examples have been presented for measurement and verification issues. Also, it 
must be demonstrated that DER can develop a flexibility like traditional supply-side resources, and 
PBLM can help in this objective.  Moreover, these tools need be more understandable and less 
complex to boost the effective engagement of customers and aggregators in DER portfolio. Finally, 
enabling technologies (ICT) play a main role for the management and to provide some feedback to 
the evaluation of modelling and the development and refining of new evaluation tools. 
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