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Abstract: The paper presents a set of prototype smart grid technologies and services and validates the
economic viability of the proposed solution using cost–benefit analysis (CBA). The study considered
the EU-funded project called RESOLVD and implemented the technologies and services in a real-life
pilot. The paper focuses on the analysis of technological solutions which enhance the operational
efficiency and the hosting capacity of low-voltage electricity distribution grids. The solutions provided
better integration of a hybrid battery storage system, with the grid interfacing power electronics,
smart gateways for the interconnection of assets at the grid edge, and sensors enhancing infrastructure
observability and control. The result from the CBA indicates the economic viability of the project,
high scalability, and replicability. The economic benefits were realized with the breakeven value
of eight secondary substations (SS) and 16 feeders. The scenario test on the DSO’s willingness to
pay for the software as a service (SaaS) revealed that the payback period can further be reduced by
almost half with a higher internal rate of return (IRR) and net present value (NPV). Both the CBA
and scenario tests showed RESOLVD solution can become more economically viable when deployed
in largescale. Moreover, the CBA results provide evidence to the energy policy by allowing DSOs
to consider both CAPEX and OPEX for better investment decisions. Further, the paper proposes an
alternative business approach that shifts from grid reinforcement to service provision. The paper also
discusses the research implications on energy policy and business.
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1. Introduction
The green transition of energy through low-carbon pathways moves the electricity
sector towards higher penetration of distributed energy resources (DERs). According to the
EU’s amended Energy Efficiency Directive (EU) 2018/2002 and 2030 climate and energy
framework of 2014, the EU has set a target for renewable energy of at least 32.5% and
32% share by 2030. This implies an increase in renewable resources (RES) connected to
the distribution grid and will require the distribution system operator (DSO) to expand,
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upgrade, and modernize the infrastructure [1]. Under high DERs, DSOs face multifaceted
challenges in managing LV grid networks, as they lack high-resolution grid observability
and advanced control and planning systems. Challenges include frequent voltage variations, congestions, reverse power flows, and reactive power balancing [2–5]. The authors
of [4] discussed how technical solutions, by providing new information about the state of
medium-voltage (MV) and low-voltage (LV) networks, can improve the quality of network
management.
Along with better management of the grid, DSOs need to increase their hosting
capacity cost-efficiently in the part of the grid that expects more challenges as a result
of the growth of intermittent renewable energy sources and mobility’s electrification to
provide the distributed asset flexibility. This can be achieved by activating flexibility and
coupling demand and generation [6,7]. This implies directly acting on energy assets (special
focus is put on storage) and the participation of consumers/prosumers through demand
response [8]. Storages are claimed to be the way to mitigate some of the distribution grid
challenges [5] but are expensive [9]. To overcome all challenges, cost-effective advanced
technologies need to be developed, tested, and the investment should be economically
justified using a detailed cost–benefit analysis (CBA).
Nevertheless, there is no standard methodology to assess the economic viability of the
technology developed, especially in the highly regulated business of the DSO. However,
there are some techno-economic analysis methods proposed in the electricity domain.
However, only a small amount of the research is linked to grid-scale electrical energy
projects. The authors of [10] conducted a social cost–benefit analysis and developed a
framework that helps the regulatory regime to assess and decide on investing grid-scale
electrical energy storage (EES). The authors of [11] applied CBA to analyze the deployment
of advanced metering infrastructure (AMI) by focusing on loans to check the worst-case
feasibility of the project. Although CBA has been applied in smart grid projects, there is
limited research focusing on technical projects.
This paper considers the case of the H2020 RESOLVD project, and describes the technologies developed to solve LV grid operation challenges. These technologies developed in
the project fall under the category of (a) use of hybrid storage systems, (b) observability
of the grid, (c) integration of IT systems, and (d) decision support for control of the grid.
The paper presents the outcome of a detailed CBA that was performed to explore if the
investment in the proposed solution is economically viable. Further, the paper presents a
scalability analysis and scenario test for willingness to pay by DSO. The paper does not
only validate and justify the economic soundness of intelligent LV grid management, but
also lays a foundation to give insight about the future flexibility services by paving the way
to reach high DER penetration through increased hosting capacity and efficiency. This shall
further help DSOs to consider OPEX-related investments as a key business consideration
in addition to the traditional grid upgrade (CAPEX). This enables and has implications
on efficiently managing the grid and to take the advantage of the combination of the two,
i.e., total expenditure (TOTEX). Furthermore, the results substantiate and shed light on
how to improve the energy policy and contribute to the green transition through high DER
penetration.
1.1. Objective and Research Questions
The objective of the paper is to demonstrate and validate the proof of concept of
RESOLVD solutions and provide evidence of its economic viability in managing an intelligent LV grid operation in the context of distributed networks. This is achieved by
measuring and quantifying defined KPIs for all technologies developed and implemented
on the selected pilot. The research objective is achieved by answering the following four
thematic research questions (RQ):

•

RQ1. How can the DSO manage intelligently the LV grid and improve the grid
performance in terms of efficiency and hosting capacity?
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•
•

•

RQ2. What concrete and quantifiable benefits (based on defined KPIs) can be achieved
from the proposed RESOLVD solution?
RQ3. Are the RESOLVD hardware and software solutions economically viable and
can their adoption be economically justified when compared to the business-as-usual
(BAU) scenario, i.e., without RESOLVD? What will be the impact of scaling up towards
large-scale deployment of RESOLVD solutions and what is its sensitivity with respect
to reduction in major costs, such as software and battery?
RQ4. What implications does RESOLVD have to the energy policy, technology, and
businesses?
To answer these questions the research framework shown in Figure 1 is followed.

Figure 1. Research framework to answer research questions of the paper.

1.2. Paper Organization
Section 2 is a literature review on aspects of intelligent distribution grids that are
of interest for RESOLVD, i.e., grid observability, integration of energy storage systems,
decision support systems for the DSOs, and integration of IT systems at the DSO level.
Additionally, Section 2 provides a brief review on cost–benefit analysis (CBA) for relevant,
low technology readiness level (TRL) solutions. Section 3 presents the RESOLVD concept
and solution as implemented at a demonstration site. Section 4 describes the methodology
used for performing CBA. Section 5 provides results and a discussion of the research
questions of the paper. Section 6 presents the implication of RESOLVD technologies on
business and policy. Finally, Section 7 concludes the paper.
2. Review on Intelligent Distribution Grids
2.1. Observability of the Grid
The traditional unidirectional power flow in power networks, from large generation
assets to end consumers in the grid, is being progressively replaced by bidirectional ones
because of the increasing penetration of distributed energy resources and active demand
management of consumers. The exploitation of various types of energy storage could
improve to reduce the controllable loads to support the active system management, requirement for real-time knowledge on the distribution network state [12], and monitoring
of dynamic and transient events affecting the quality of supply [13]. The prerequisite
towards achieving comprehensive observability of the power network is the deployment of
advanced measurement technology and the provision of appropriate connectivity solutions
to support data aggregation and processing. Providing the means of monitoring, analysis,
prediction, control, and automation in the segment between the secondary substation
and consumer’s/producer’s connection point, which is a great part of increased system
dynamics that exists, allows the operator to provide resilient services, better utilization
of assets, and potential delay of investment in infrastructure reinforcement, fostering the
innovative solution to invest in real smart assets.
A power network is considered observable if it is possible to calculate its quasi-steady
state using the available set of measurements and knowledge on current configuration [14].
The approach can either be model-driven, where graph theory, line models, and instantaneous measurements are used to estimate the state, or data-driven, where a numerical
model is built using historical measurement data and instantaneous measurements are
then used to derive the state from the model. The smart meter data provided by the Ad-
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vanced Metering Infrastructure (AMI) are increasingly used to support various applications,
such as load profiling or forecasting. Moreover, power quality meters (PMQs) are typically
deployed to support the site or assets monitoring, and (micro) phasor measurement units
(PMUs) are emerging to support the wide-area situation awareness. Although there are new
approaches, technologies, and proposed observability solutions that could be deployed
in the energy domain, the results from such technologies should be further validated
and justified. In this connection, some of the proposed solutions include an automatic
target detector in infrared imagery [15], a multi-remote-sensor approach, such as a deeplearning-based burned area mapping using the synergy of the satellite data and images of
Sentinels 1 and 2 [16]. Moreover, there is a new method that could be potentially adopted,
i.e., the use of multi-camera multi-player tracking with deep player identification [17];
however, the cost-effectiveness in a distributed energy grid context should be assessed.
2.2. Integration of Energy Storage Systems
The applications of energy storage systems (ESS) in networks are diverse and have
been widely discussed in the literature [18,19]. ESS is required to provide power and energy
services to upgrade the electrical grid and achieve a neutral role for DSOs and highlight
its developed infrastructures. From a techno-economic perspective, there is no optimal
battery type for all types of applications. Additionally, the stacking of multiple services
simultaneously can result in a higher return on investment [20,21]. Thus, the development
of hybrid energy storage solutions is suggested based on the combination and synergistic exploitation of various storage technologies (each providing different services). The
realization of hybrid storage systems mainly depends on the ability to electrically interconnect and manage a heterogeneous grouping of storage technologies. This is triggered by
advanced power electronics [22,23] and associated power-sharing algorithms [24–26] to
manage energy in such hybrid systems to provide a variety of energy services (e.g., voltage
compensation, storage, phase balancing, etc.). Aspects to consider for such power-sharing
algorithms are usually the main technical performance of each storage technology embedded into the hybrid solution (e.g., energy and power ratings, cyclability, time response),
and degradation mechanisms. Based on such aspects and criteria based on the power time
profile, the setpoint for the hybrid solution can be evaluated—or stratified—to identify fast
time-varying and low time-varying components to associate to, for instance, a lithium-ion
battery and a lead-acid battery, respectively, pursuing an optimal performance. All in all,
this comprises a challenging decision process involving technical aspects and providing
business opportunities.
2.3. Decision Support Systems for the DSOs
The notion of a decision support system (DSS) embraces a variety of applications
oriented towards short-term (i.e., grid operation), medium-term (i.e., maintenance), and
long-term (i.e., grid planning) functions that usually also include visualization and simulation capabilities.
In this paper, we focus on the short-term time frame and we present DSSs that allow
the operation of a smart grid in a more efficient way by scheduling grid configuration and
controllable assets at the day-ahead time frame.
Such DSSs usually combine power flow solvers with algorithms that aim to maximize a specific utility function. Existing studies focus on determining the optimal static
configuration of a network to minimize power losses [27–31]. The authors of [30] showed
that voltage control and power losses were improved with a simultaneous reconfiguration
and an optimal location of the distributed generation assets (DG). The same formulation
was used in [29], but a different solver algorithm with better performance was used. Usually, the optimization problem involves the co-ordination of the operation of ESS with
grid reconfiguration (i.e., switchgear operation), resulting in a multi-objective function.
To decouple grid configuration from charge/discharge of ESS, a two-stage optimization
approach has been applied [32]. In this approach, firstly, the grid configuration is set (on an
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hourly basis) to avoid possible critical events (congestions and over/sub voltages), and
once this problem is solved, the ESS is scheduled to minimize energy exchange and losses at
the substation level. The approach in [33] also considers the existence of interruptible loads
that transfer the problem to the demand side and incorporate the dispatchable load costs.
2.4. Integration of IT Systems at the DSO Level
As distribution systems gradually evolve into smart distribution systems, the DSOs’
operations centers that control them evolve in parallel, incorporating new functions. The
separate IT systems operating in these control centers become more streamlined, communicating seamlessly to provide an integrated monitoring and management system. More
advanced applications and analytical software provide more sophisticated analyses and
automated operations. The control systems of operation centers not only help to make
the grid smarter, but also help to improve support for decision-makers responsible for
operations, maintenance, and planning [34]. Among the IT systems present at a DSO’s
operations center, the distribution management system (DMS) is considered as one of the
most critical components for the efficient operation of the distribution grid. As a fully
functional unit, a DMS may include various applications, such as fault detection, isolation,
and service restoration, voltage variance optimization, power flow management, etc.
According to [35], a growing number of DSOs have DMS running in their operations
center. However, participants also indicated that challenges remain in developing a highly
reliable and functional DMS in different respects (e.g., system integration, communication).
This is just one side of the coin. In many cases, the DSO IT ecosystem is composed of
many different legacy systems and subsystems, rather than a monolithic DMS. Examples
of separate (nonintegrated) IT systems include customer information system; geographic
information system; trouble calls center; workforce management; switch order management;
AMI; SCADA, etc. On top of the above, there are several non-interconnected advanced
applications that are useful for the DSOs, both at the planning and operation phase (outage
planning, grid resources optimization, power quality analysis, distribution grid state
estimation, etc.). These and other applications are often in need of real-time information,
such as the status of switches, voltage regulator taps, capacitor banks, fault location,
the status of distributed resources, and customer demand/load. This signals the need
for an information exchange bus. In addition, ultimately, there is a need for integration
of the decision support functions (analytics plane) with the actions’ execution functions
(control plane).
2.5. Cost–Benefit Analysis for Relevant Low TRL Solutions
The development and adoption of smart grid technologies need economic validation.
Some researchers have developed cost–benefit analysis (CBA) frameworks for smart grid
applications. For example, the authors of [36] applied CBA to assess system management
and planning tools for the electrical grid. The authors of [37] proposed, in their theoretical
paper, a multi-agent systems (MAS) approach applied to the operation of power grids. The
authors of [10] applied CBA on grid-scale electrical energy storage (EES) and validated
the results using simulations. Similarly, authors of [38] used CBA on a virtual power plant
including solar PV, flow battery, heat pump, and demand management and attempted to
validate it by simulation.
In general, most of the CBAs for assessing the investment in smart grid technologies
are still too conceptual and theoretical, and include many assumptions. Moreover, although
there are various reports on such CBAs, the research on complete CBA and investment
analysis, including scalability and willingness to pay, is not covered adequately in the literature. Unlike previous CBAs of smart grid technologies, this paper focuses on investments
in the LV part of the grid.
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3. RESOLVD Concept and Demonstration Pilot
3.1. The Project Concepts
The RESOLVD project aimed to improve the efficiency and the hosting capacity of distribution networks in a context of highly distributed renewable generation by introducing
flexibility and control in the low-voltage (LV) grid without the participation of consumers.
Specifically, the project tackles the following challenges:

•
•

•
•
•
•
•

Improvement of low-voltage grid observability.
Critical event forecasting. This includes day-ahead forecasting of congestions and
over/under voltages due to daily variations in demand profiles with the presence of
PV generation.
Early fault detection by exploiting the grid observability and redundancy of measurements.
Island management; this includes the detection of uncontrolled islanding situations
and the management of ESS and frequency control in controlled LV islands.
Power quality improvement and loss reduction; this includes compensation of harmonics reactive power, and phase balancing with power electronics (PED).
Reduction of technical losses in the network by reducing imported energy and maximizing the use of renewable energy locally produced.
Cyber security; the design of subsystems and further integration has been submitted
to rigorous analysis and tests to assure the cybersecurity of the whole solution.

To tackle these challenges, the project developed and deployed hardware and software solutions to smartly manage LV distribution grid operations and improve the grid
performance. The project developed an advanced power electronic device to control and
manage hybrid storage (lithium and lead-acid batteries) at the customer premises and two
substations with four feeders.
Advanced power electronics with integrated storage management capabilities provide
both switching and energy balancing capacities to manage energy locally. Enhanced
observability of low voltage grids has been achieved by introducing cost-effective highresolution instruments (PMUs and PQM) and exploiting smart meter data to perform
energy forecasting (generation and demand aggregated at bus level). Thus, enhanced
observability and improved energy control allow the introduction of day-ahead operation
planning in the low voltage by scheduling three elements:
-

-

Switchgears: to reconfigure the grid to avoid critical events (congestions and/or
over/sub voltages)
Batteries: schedule the charge/discharge of batteries according to efficient operation
goals (reduce energy exchange at the substation level, peak reduction, maximal use of
RES locally generated)
Power electronics: its activation allows reduction of losses and improves quality by
compensating harmonics and reactive, balancing phases, and compensating voltage
variation by injecting reactive power.

Optimal scheduling and activation of such assets are performed by decision support
modules that provide services for day-ahead energy forecasting (generation and demand)
based on smart meter data, detection of abnormal operation as faults and critical events
(congestions and over/sub-voltage variations), and grid operation scheduling under different optimization criteria (critical event avoidance, loss and peak reduction, or maximal
consumption of RES locally generated). Thus, RESOLVD builds up an enhanced lowvoltage grid monitoring with (local) wide area monitoring (WAMs) capabilities to detect
faults, forecast critical events (congestion voltage variations), and correct power quality
issues, resulting in a better quality of supply that is more secure and efficient. RESOLVD
is conceived as a set of subsystems fully interoperable with the legacy systems (such as
SCADA, DMS, MDMS, and GIS) that provides enhanced low-voltage observability and
day-ahead scheduling capabilities to optimally manage the grid.
The interoperation of these technologies in a secure and safe way has been implemented by considering current communication standards and putting the CIM model on
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the basis of the development. Integration of the overall system has been performed with an
enterprise service bus (ESB) that supports all the data transactions and co-ordinates the
invocation of modules according to specific decision support tasks. Next, Figure 2 shows
in green the RESOLVD components and, in light blue, existing legacy systems [39].

Figure 2. RESOLVD high-level architecture.

3.2. The Demonstration Pilot
The RESOLVD technology has been tested in a pilot integrated into a semi-urban
area of the distribution grid operated by Estabanell Energía (EyPESA) in the province of
Barcelona (Catalonia, Northeast Spain). The pilot (see Figure 3 for the schematic diagram)
covers two secondary substations (SS) feeding 25 consumers and five PV plants. It is
composed of two low-voltage (LV) three-phase lines, deriving from two different secondary
substations (SS-A and SS-B). Blue arrows represent the supply points, while the yellow
circles stand for the PV installations. The LV allows reconfiguration by operating three
switchgears, also permitting operation in a ring configuration. Residential consumers are
normally single-phase fed (phase + neutral or two phases).
In Table 1, the values of the rated power of the transformers and the total contracted
and generation power installed are summarized. It should be noted that the MV/LV
transformers are oversized with respect to the load of the area. This is because, some years
ago, the two substations had to also supply two high-load factories that have now closed.
Table 1. Rated power and contracted power values of SS-528 and SS-0030.
Secondary Substation (SS)

SS (A) 528

SS (B) 0030

Transformer rated power
Total contracted power
Contracted power of line in the pilot
PV power installed in the pilot

250 kVA
138.6 kW
58.3 kW
12.5 kW

630 kVA
127.8 kW
56.9 kW
9.9 kW
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Figure 3. Schematic of the pilot area of RESOLVD.

Figure 4 shows a simplified schematic representation focusing on power electronic
devices’ (PED) connection with the pilot area. It should be noted that the power electronics
and the batteries are installed at the beginning of one line fed by SS-B. This scheme
represents the possible grid configurations that can be implemented during the test phase.

Figure 4. Simple pilot schematic showing the location of PED connection.

Smart meters and power quality monitors installed at the beginning of the two feeders
and in the point of common coupling of the PED were installed to collect data used during
the validation phase. The PED and the batteries were installed in the SS-B (Figure 5). This
location has been selected for space reasons, as it consists of a two-floor building, with an
empty second floor. Both the PED and batteries through the battery management system
(BMS) were integrated with the SCADA through specific remote terminal unit modules.

Energies 2022, 15, 94

9 of 25

Figure 5. A picture of SS-B where the PED and the batteries were installed.

4. Cost–Benefit (CBA) Methodology
4.1. CBA Process Steps for Smart Grid Projects
CBA is an analytical tool to evaluate investments and to support policy decisions for
society’s welfare [40]. In general, CBA concepts investigate the opportunity cost in a longterm perspective, which depends on a set factor, such as the sector, discount rate, forecast
future costs, and other economic indicators quantified in monetary terms. The EU BRIDGE
initiative and the European Commission’s Joint Research Centre (JRC) recommended the
CBA framework to be followed for smart grid projects [41]. In RESOLVD, similar process
steps were followed by characterizing the project, quantifying the benefits, and, finally,
comparing the benefit to cost to see if the benefit outweighs the investment cost (see linked
RESOLVD activities in Figure 6 highlighted in blue color).

Figure 6. CBA process steps used in RESOLVD are based on the JRC and BRIDGE initiative.
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Indicators used to perform CBA are defined in Section 4.2. Using the indicators two
scenario tests were performed. The first scenario test focused on assessing the scale-up
potential of the RESOLVD solution from an economic point of view. Here, the solution was
scaled up from a small pilot site to selected numbers of sub-stations (SS) of the DSO. The
scenario test assessed the willingness to pay (WTP) for solutions under the software as a
service (SaaS) model. The WTP measures the maximum amount DSO would be willing to
pay to gain the desired outcome or, alternatively, the maximum amount that DSO would be
willing to pay to avoid undesirable outcomes. In the second scenario test, it was assumed
that software developed under the project is provided as a service rather than as a product
to the DSO. This results in different cost structures of having an annual service fee for
software instead of one lump-sum cost.
4.2. Economic Indicators for CBA
In this paper, the net present value (NPV), the internal rate of return (IRR), and
payback period were considered for performing the CBA analysis. NPV is calculated using
formula (3), while IRR is equal to discount rate when NPV is zero. The payback period is
defined as the time taken by net benefits to overcome initial investments. The benefit–cost
ratio is calculated based on the sum of all present values of quantified benefits divided by
the present values of all costs. All cashflows are aggregated considering the interest rate at
a time ‘t’.
| Present value[ Quanti f ied Bene f its]|
(1)
Benefit–cost ratio =
| Present value[Costs]|
Benefit–cost ratio =

|CFt [ Bene f its]|
(1+ i t ) t
N |CFt [Costs]|
∑ t =0 (1+ i ) t
t

∑tN=0

(2)

The CBA or Benefit-cost ratio can be simplified further and presented in Equation (3)
including the initial investment.
(
)
T
Bt − Ct
NPV = ∑
− I0
(3)
t
t =0 (1 + r )
where NPV = net present value; Bt = annual benefits at time t; Ct = annual costs at time t;
T = lifetime of the project; I0 = initial investment cost; r = discount rate; and CFt = cashflow
at time ‘t’.
Based upon consultation with DSO (also the pilot owner of the project) project lifetime
was considered as 10 years, and a discount rate of 4% is favored considering current
market conditions. In the EU, the projects are usually discounted using the social discount
rate of 3–5% depending on the cohesion and member state countries (JRC 2012). Thus,
the assumption of a 4% discount rate is within the normal range in the EU.
Quantification of costs and benefits:
The major costs and benefits are listed in Appendix A and are summarized as follows:

•
•
•

•

Costs: all major costs for the hardware and software development, installation, personnel, services cost, such as cyber security.
Shadow price: for calculating willingness to pay for SaaS, a shadow price is considered
based upon other existing software used by the DSO.
Benefits from technical indicators: in the project, a total of 12 indicators, nine technical
KPIs, including the three control indicators (CI), have been defined, which are converted into monetary values. The process of converting these indicators to monetary
value is qualitatively described in Table 2. Details on the project indicators can be
found under public deliverable D5.1 of the RESOLVD project [42].
Benefits from remuneration: these are considered based on the DSOs savings from the
remuneration formula and described in the next sub-section.
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Table 2. Qualitative description of converting project indicators into benefits with linked remuneration variables.
Project Indicators

Basic Assumptions Considered to Calculate the Benefit

Linked Remuneration Variables

KPI1: Power loss reduction due to waveform
quality improvement

The annual average electricity increases in the pilot feeders
(17 kW) multiplied by the % loss and compared with the
change from the business-as-usual scenario (BAU).

Pni

KPI2: Improvement of the energy profile in the
secondary substations

In SS where PEDs are managing renewable sources. The PV
energy does not flow from all distribution infrastructures
from TSO link.

data 1

CI1: Efficiency rate of the PED and the energy
storage system

Consumption of Vdc bus, batteries technologies and PED
auxiliary internal consumptions.

DESPn,15→n−2 ,
RIni

KPI3: Increase in DER hosting capacity in LV
network

PED, batteries, and auxiliary system internal
consumptions.

DESPn,15→n−2

KPI4: Reduction in DSO investment

In terms of traditional infrastructure investment and
assuming an average distance of 100 m multiplied by new
LV feeder cable plus the cost of assets upgrade.

DESPn,15→n−2

CI2: DSO operation expenditures with respect
to the BAU solutions

Regarding the remuneration for the operation and
maintenance, the rule in force until 2020
(RD 1048/2013 + Order IET/2660/2015) differentiates
between O&M of electrical assets (which is remunerated by
unit value) and O&M of nonelectrical assets (which is
remunerated by invoice). The O&M amount of electrical
assets ranges from 3% to 5% of the unit investment
reference value.

RIni

KPI5: Percentage of improvement in line
voltage profiles with power injection and
consumption

The real and reactive power not supplied from the primary
substation and provided from PED in the maximum
consumption time and assuming that the active power was
charged in the storage system when there was a surplus in
the valley period.

-

KPI6: Rate of prevented critical events in the
LV grid due to forecasting and remote control
of grid actuators

Assuming average time response as a traditional way,
the customer from the fault to fuse restoration is two hours.
Moreover, the usual time that a user calls DSO to
communicate the fault is 10 min on average. Average
energy in the pilot feeders multiplied by the events that
feeder fuses are blown per year assumed by DSO.

-

KPI7: Quality of online event detection in LV
grid

Fast detection of short circuits and severe faults that lead to
protection (fuses). The time difference between rapid
detection (the time of occurrence) compared to a
conventional method in which fuse actions are protections
where they are reported. I have considered it to involve a
reduction in response time x kWh considering the number
of end-users affected due to fuse blow.

Qin

KPI8: Quality and time needed for awareness
and localization of grid fault MV grid

To localize an MV fault and isolate part of the grid on
average from the historic SCADA registers in 5 h, consider
wage of operator per hour. As result of this KPI, it is
possible locate the fault and save in average 3.5 h.
Moreover, it avoids the assets stress.

Qin

KPI9: Quality of LV grid operation in island
mode

It was just tested during the functional test. The functional
testcreated an electrical island for 85 min.

Qin ,
REVUni &
COMGESni

CI3: Waveform quality in LV grid

Only affect in the part of the upstream grid from PED until
the primary substation is connected the pilot feeder.

Pni

Benefit from remuneration.
Some of the benefits relate to different KPIs and the benefits are calculated based on
the assumption of the remuneration formula. In this connection, the Spanish Comisión
para lospara los Merecados y la Compenténcia (CNMC) establishes for calendar years,
by resolution and after hearing the interested parties, the remuneration recognized to each
DSO for the distribution activity. Before November 15 of each year, the CNMC will submit
to a public hearing the total remuneration proposal to be received the following year by
each of the DSOs. The remuneration of the distribution activity recognized to the DSO
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(i) and in the year (n) for the performance of its activity, year n−2 will be determined by
formulation (4).
Rin = RIni + DESPn,15→n−2i + TERn,15→n−i2 + COMGESni + REVUni +
{z
}
|
{z
} |
Financial business

O&M

ROTDi
+ Pni + Qin
| {z n}
| {z }
Commercial
Efficiency
cycle
incentives

(4)

where:
Rin : is the return on investment to be received by company (i) in year (n).
RIni : is the investment remuneration to be received by DSO (i) in year (n) for the
facilities of distribution company i with commissioning prior to 1 January 2015.
DESPn,15→n−2 : is the investment remuneration to be received in the year (n) for the
maneuver’s offices and distribution energy control center that have been carried out by the
distribution company i in the years 2015 to n − 2, both inclusive.
TERn,15→n−2 : is the return on investment to be received in year n for the properties
and lands associated with new electrical installations that have been carried out by the
DSO (i) in the years 2015 to n − 2, both inclusive.
COMGESni : is the manageable component of the remuneration to be received in
year (n), which will be calculated for each DSO (i).
REVUni : is the remuneration for the extension of the useful life for year n that a DSO (i)
will receive for all those distribution facilities, which, having exceeded their regulatory
useful life, remain in service in year n − 2, if availability is proven effective of each of said
facilities.
ROTDni : is the term of remuneration for other regulated tasks that the DSO (i) has to
receive for the year n for the development of these tasks in year n − 2.
Pni : is the term of incentive or penalty for the reduction of losses passed on to the
DSO (i) in year (n), associated with the level of losses in its network between years n − 4
and n − 2.
Qin : is the term of incentive or penalty to the quality of the service based on the
DSO (i) year (n) associated with the supply quality indicators obtained by DSO i between
years n − 4 and n − 2.
According to the Spanish remuneration equation, the KPIs of the RESOLVD project
impact according to the following Table 2.
5. Results and Discussion
The results and discussion section are organized to respond point-by-point with
the respective research questions presented in Section 1.1. This section discusses the four
RESOLVD technologies with their novelty and main findings from the project to address the
DSO challenges: (a) advanced power electronic device (PED) and storage, (b) observability,
(c) decision support system (forecasting and flexibility control), and IT integration in DSO
level.
Key results of the research from the RESOLVD project are the development of advanced technologies and integration for smart grid management, demonstration of these
technologies in the real-life pilot, and testing the economic viability of the proposed solution
supported by the DSO for the future investment in LV grid in a distributed network. The
detailed findings of the research are as follows.
5.1. Developed Technology, Novelty, and Main Findings (Linked to RQ1)
Power electronic device (for multiple storage integration): As a result of the whole
RESOLVD solution, and due to the PED, the DSO can improve the performance of the
grid in terms of energy efficiency, since active and reactive power flows within the grid
can be optimized. Energy efficiency was improved as: (i) since the PED is connected close
to the consumption points in the network and partially fed them, distribution losses are
minimized; (ii) the PED has been proved effective in managing voltage levels at the LV
side of the transformer, and this also minimizes grid currents and transformer losses. In
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addition to energy efficiency, the hosting capacity of renewables of the network has been
improved. Following the control setpoints from the DSO, the PED minimized transformer
loading and mitigated current harmonic content in the network due to, for instance, PV
inverters and nonlinear loads connected nearby. All in all, this permits the DSO to defer
in time network reinforcements, while also hosting more DER. Further, the PED has been
effective in acting as a voltage source in case of a mains failure. This is an attractive service
for a DSO in a rural area, as in the RESOLVD project. Figure 7 below shows the integration
of different batteries and the context of utilization.

Figure 7. PED as developed in the project shows possibilities to integrate multiple batteries (at the
bottom), as well as to use them in multiple contexts (on top).

The two battery types embedded into the PED are operated synergistically by a powersharing algorithm explained in [43]. This algorithm optimizes how to split the total power
the PED is to exchange with the network among the two battery types, considering their
efficiency, degradation mechanisms, and state of charge. Degradation is associated to two
phenomena: power stress and depth of discharge of cycles; and lithium-ion batteries are
more resilient against degradation than lead-acid batteries. Thus, the power requested to
the lead-acid batteries is limited, and also the depth of discharge (the minimum admissible
state of charge is limited at 30%), while high-peak power needs are associated with lithiumion batteries. This way, lead-acid batteries smoothly provide part of the total power needs
the PED should exchange with the network, thus reducing the stress for the lithium-ion
batteries that, in turn, are subjected to more stringent power requirements.
The front-end power electronics of the PED and the power inverters interfacing with
the network are equipped with advanced algorithms to improve network waveform quality.
This enables management of the reactive power, load balancing of the three phases of
the network, and cancelling current harmonics. Relevant test data conducted on the
performance of the PED while balancing loads of a three-phase network are conducted and
presented in [44].
Sensors for observability: In designing the RESOLVD observability solution to support
the implementation of use cases and testing of the KPIs, the emphasis has, on one hand,
been given to the realization of appropriate metrology instruments and, on the other hand,
the capability of efficient data communications and processing. The PQM instrument
has been designed to observe the power quality parameters, and thereby the quality of
supply or the impact of PED service in characteristic locations of the network. To support
also direct interfacing to grid assets under control, it embeds a gateway functionality
supporting the legacy control protocols. The embedded computing functionality allows for
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the implementation of moderate control schemes and schedules to allow for an autonomous
operation. The design of the PMU instrument and edge computing solution target efficient
implementation of advanced situation awareness applications in the distribution grid
segment. The particular focus has been given to fault detection and localization to support
fast service restoration [45]. Given the vast amount of measurement data produced by
the PMU and no dedicated connectivity solution on disposal at deployment locations,
the application consists of several interacting distributed services, each responsible for
a specific sub-function. The data are preprocessed on edge for the purposes of event
detection and model building, event classification is realized based on raw data snapshots
aggregated from all affected locations, and localization is performed using the information
on grid configuration, line models, and the pre- and post-event conditions. The connectivity
towards the control center application is, for both instruments, realized via 4G cellular
network. The three key components of observability developed in the project are shown in
Figure 8.

Figure 8. Observability-related sensors developed in the project: (a) PQM, (b) PMU, and (c) gateway.

Decision support toolkit (forecasting and flexibility control): Grid operation scheduling
avoids exporting energy (exported 0) and, at the same time, storage is managed to reduce
peaks of demand. Thus, the main contribution to loss reduction is achieved by flattening the
curve. This is quantified, on average, by reducing the peak around 18% and the variability
of the curve by 43%. A generalized reduction in peaks at the low-voltage grid supposes
a substantial increase in efficiency of overall power system (transport losses depends on
the square of current) and the consequent reduction in emissions (according to the energy
mix). However, this has a cost. In the experimental pilot, the consumption of the PED
and battery is around 6.5% of total energy managed (more than 4% is consumed by the
PED) in the pilot. This supposes increasing the total demanded energy by around 4%. This
elevated percentage is mainly because the PED is somehow oversized, and it is capable
of managing larger peaks of power and amounts of energy than the pilot demand in the
current state. This increase could be compensated by an increase in local production,
resulting in an increase in hosting capacity. Due to the increase in energy required to
run the PED and battery, it is recommended to limit the operation of the GOS only when
the excess of PV is enough to compensate for this consumption. During the test, only
dates 5, 8, 10, and 12 February 2021 produce an excess of generation (between 5.8 and
9.6 kWh), and this excess does not compensate the losses in the PED and the batteries
(between 18.1 and 18.6 kWh). The technology developed in RESOLVD enabled the DSO to
achieve the following key findings and improvements: hourly energy (aggregation of SM
at bus level) forecasting error (MAPE) of 20%, peak reduction by 18%, and 0% exported
energy (at SS level). Besides the key findings, the technology enables provision of the
additional features revealed, such as 97.5% accuracy on fault detection (high impedance
faults), 3.8% false alarm, and missed detection of 0%.
Novelty in Integrating IT systems: RESOLVD implemented a solution for integration of
the novel applications of the project, not only in between them, but also with legacy systems
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of the DSO, by implementing an innovative and standards-based enterprise services bus
(ESB) solution. Being compliant with the IEC 61968 standard, this solution comprises an
integration middleware with a focus on the smart grids domain.
5.2. Quantified RESOLVD Benefits (Linked to RQ2)
All savings from each KPI and control indicator are aggregated to realize the direct
benefits of the project. When available, control indicators based on existing technical
standards have been used to validate the fulfillment of technical conditions (e.g., EN-50160
is the power quality standard that specifies the acceptable ranges for the parameters that
define the supplied electric waveform). The benefits derived from the analyzed KPIs are
quantified and summarized in Table 3 below. The results in this table show the benefits,
in EUR, calculated from the changes in business-as-usual scenarios (with and without
RESOLVD). Most of the KPIs are quantified but few KPIs are converted into two benefits
based on the assumption of measuring two KPIs. For example, KPI-7 and KPI-8 are related
to the devices and measure the accuracy of the software solution. In this case, for the CBA,
hypotheses have been taken based on the benefit to locate an electrical fault and simplify
the onsite work operation into a reduction in the asset stress. As some of the consortium
members are business entities, some of the values are anonymized and described in some
ranges instead of specific monetary values (Table 3).
The quantified benefits after the RESOLVD project implementation were calculated
based on the KPIs defined and compared with the business-as-usual scenarios (BAU).
All monetary values are registered in Table 3. Since some of the savings and benefits are
business sensitive, the results are put in ranges for anonymity after agreement with partners.
For example, in connection to the hosting capacity (HC) of the grid and in line with the
project objective, the KPI-03 is defined to show the increase in DER hosting capacity in an
LV network (%kVA with respect to the current maximum limit) and calculated as below.
%Change gained =

HC with RESOLVD − HC without RESOLVD
× 100
HC without RESOLVD

189 kVA − 138 kVA
× 100 = 36.95%
138 kVA
Cable capacity: 330 A
330 A × 400 V × 1732 = 228,624 kVA
Assuming the power factor cosFi = 1 → 228,624 kW
229 kW × 36.95% = 84.5 kW of capacity
84.5 kW × 24 h × 365 days = 740.220 kWh year
740.220 kWh year × 0.0350333 € = 25,932 €/year i.e., >25,000 Euros/year.
Similarly, the savings from the rest of the KPIs are calculated and the results are
summarized in Table 3 below. For some of the KPIs, the average day-ahead price of the
Spanish market is used (see Appendix B).
5.3. Cost–Benefit Analysis (Linked to RQ3)
5.3.1. Economic Viability of RESOLVD Technology
The CBA result clearly showed the economic viability of RESOLVD solution and the
high scalability and replication potential of the project (see Table 4). The major savings
come from increased hosting capacity, reduction of DSO investment through increased grid
infrastructure flexibility, and the way to upgrade traditional assets by smart devices with
inherent ability for real-time monitoring and control. This is relatively in line with one of
the core project objectives of RESOLVD, and, therefore, savings from increased hosting
capacity (see Figure 9) are considered to comprise a scale-up scenario with respect to the
increased pilot size. This is carried out according to the DSO investment policy, which is
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up to 10% of the yearly investment on the grid infrastructure/upgrade and by ensuring the
required additional costs are considered in the analysis. Because of high investment cost at
the early stage of the project, the first CBA with the current pilot size of two substations (SS)
showed the benefit/cost ratio less than 1. However, as the pilot size increases (scale-up)
with all associated costs, such as a total cost for PMU, PQM, batteries, and PED, included,
the benefit/cost ratio becomes greater than 1, with increased internal rate of return (IRR),
NPV, and shorter payback periods (see Table 4 summary of CBA). The breakeven threshold
is reached when RESOLVD solutions deploy on more than eight secondary substations (SS).
Table 3. Summary of quantified benefits from RESOLVD solution.
Category

Efficiency

Planning

Quality of
service

Indicator

Business as Usual (BAU)
without RESOLVD

After (with) RESOLVD

Saving in EUR/Year

KPI-01: Power loss reduction due to
waveform quality improvement (W/Ω)

Unknown

166.7 W/Ω

<1000

KPI-02: Improvement of the energy profile
in the secondary substations
Sub-indicators:
(i) Losses T&D (%)
(ii) Locally generated energy use (%)
(iii) Maximum peak (%)

(i) Losses T&D is 7.3% at each
SS, which is at SS-00528:
9.49 kW, SS-0030: = 8.3 kW.;
(ii) Locally generated energy
use is: 2.8% and 1.27%;

(i) SS-00528: Not affected because PED
is not interacted as a normal
exploitation. SS-0030 reduced T&D
losses = 0.5%
(ii) and (iii) Locally generated energy
use and maximum peak (%) has no
registered changes

1000–5000

CI-01: Efficiency rate of the PED and the
energy storage system
Note: The benefit of this indicator to DSO is
in higher self-consumption rate (kW).

Without PED (no PED
implemented)

Change registered: −4.2 kW

<1000

KPI-03: Increase in DER hosting capacity in
LV network (%kVA with respect to the
current maximum limit)

138 kVA

189 kVA
Change registered: 36.95%

>25,000

KPI-04: Reduction in DSO investment (%)

Retribution

Retribution change registered: 22%

>25,000

CI-02: DSO operation expenditures with
respect to the BAU solutions (EUR per year)

The O&M amount of
electrical assets ranges from
3% to 5% of the unit
investment reference value.

Considering an investment of EUR
57.000 as a usual new building of
network assets at LV level.

1000–5000

KPI-05: Percentage of improvement in line
voltage profiles with power injection and
consumption (%)

NA

0.03

<1000

KPI-06: Rate of prevented critical events in
the LV grid due to forecasting and remote
control of grid actuators
Sub indicators:
(i) Precision of forecasting (%)
(ii) Time to respond to critical event
(minutes)

(i) No previous data available;
(ii) It was taking 120 min

−15–40% (*) (**)
−2 min
Change registered: 118 min
N.B. (*) (**) are kept anonymous.

<1000

KPI-07: Quality of online event detection in
LV grid
Sub-indicators:
(i) Accuracy (%)
(ii) Precision (%)
(iii) Miss Detections (%)
(iv) False Alarms (%)
(v) Detecting time (s)
(vi) Informing delay (s)

(i) No previous data
(ii) No previous data
(iii) No previous data
(iv) No previous data
(v) No previous data
(vi) 120 min

(i) 97.5%
(ii) 93.5%
(iii) 0%
(iv) 3.8%
(v) 1 s
(vi) 35–400 s

<1000

KPI-08: Quality and time needed for
awareness and localization of grid fault MV
grid (seconds)

NA because RESOLVD is
focused on LV level. This KPI,
is focused in MV level.
Moreover, the KPI measures
quality of effectivity of PMU

2.04 s
Impact MV (indirect benefit to the DSO
due to PMU)

1000–5000 (indirect
saving from MV)

KPI-09: Quality of LV grid operation in
island mode (hours)

0.33 h (avg. from previous
year)

1.417 h
Changed registers: 1.087 h

1000–5000

CI-03: Waveform quality in LV grid (%)

NA (no data before
RESOLVD project)

0.12%

<1000

N.B, (*) and (**) are the assumptions made based on: (*) Forecasting performance has large variability depending
on the node and time. Large errors are due to 24h delay in having SM data available and low consumption in most
consumption points. (**) Critical events were simulated in the pilot by changing line parameters, demonstrating
the availability to detect and mitigate. Given the number of tests is not representative enough, the paper considers
2 incidents to calculate KPI6.
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Table 4. Summary of CBA with scale-up of the pilot size.
Indicators

2SS-4 Feeders
(Current Pilot)

8SS-16 Feeders

10SS-20 Feeders

12SS-24 Feeders

24SS-48 Feeders

NPV

−459 k

−57 k

97 k

226 k

1054 k

IRR

−11%

2%

6%

9%

23%

Payback period

>10 years

9th year

8th year

5th year

4th year

Benefit–cost ratio

0.5 < 1

1.1 > 1

1.3 > 1

1.4 > 1

2.4 > 1

Recommendation

Not worth
investing in the
current pilot size.

Risky to continue
with the
investment.

Relatively lower
IRR; however, it is
worth continuing
with the
investment.

It is worth
continuing with
the investment.

It is worth
continuing with
the investment.

Figure 9. Increased hosting capacity with scale-up of RESOLVD pilot.

Considering the increase in the hosting capacity due to RESOLVD solution (Figure 10),
the research summarized the economic indicators from the CBA in Table 4 below.

Figure 10. NPV (in EUR, left side of the figure) and IRR (% in the right side) based on WTP scenario
for the three-software platform when the pilot is scaled up 12 times the pilot size.
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5.3.2. Scenario Test Based on the DSO Willingness to Pay (WTP) of the Software Service
From the DSO long- and medium-term energy policy perspective, to have costeffective, reliable smart grid solutions and have security in energy supply, the WTP scenario
test on major costs is needed. In this regard, one of the major costs in RESOLVD solution
is software development and associated IT platform solutions. For this test, the Intelligent Local Energy Manager (ILEM) software cost was considered, which enables control
and management of the PED with or without storages thanks to the link with the energy
management systems (EMS) and SCADA or advanced distribution management systems
(ADMS). The main reason for this test is that the regulation does not allow the DSOs to
own a battery and can get the ILEM service through licensing. However, the basis for
defining willingness to pay is not straightforward and, therefore, it needs to benchmark
with other licensing costs. In this connection, the DSO considered similar software service
costs, such as the annual licensing fee for smart meter management platforms, which is
calculated based on the number of the smart meters (see Table 5).
Table 5. A basis for DSO’s willingness to pay for the software as a service fee.
Number of Supply point

<10,000

10,000–50,000

50,000–100,000

100,000–500,000

500,000–1,000,000

>1,000,000

Cost per supply point

EUR 1

EUR 0.2

EUR 0.1

EUR 0.02

EUR 0.01

EUR 0.001

Based on this assumption, the CBA is recalculated to test the scenario at which the
DSO has a willingness to pay for the software service cost benchmarked from a similar
software platform. The CBA with respect to WTP showed a positive economic indicator if
the RESOLVD solutions are deployed on more than 8SS, and the payback period reduced
to 2–3 years. This will give flexibility for the DSO to get the software service by involving
other technology providers or aggregators while all regulatory boundaries are respected,
including the battery ownership. However, the willingness to pay scenario test for the
three-software platform is carried out and summarized in Table 6.
Table 6. Summary of CBA for willingness to pay scenario of the three RESOLVD software. 2SS-4
feeders represent current pilot size, and values are rounded to the nearest thousand (k).
Indicators
NPV

ILEM

IT Integration Software

LVD-DST (Decision Support Toolkit)

2SS-4 Feeders

8SS-16 Feeders

2SS-4 Feeders

8SS-16 Feeders

2SS-4 Feeders

8SS-16 Feeders

−156 k

305 k

−323 k

78 k

−343 k

58 k

IRR

−5%

17%

−11%

6%

−8%

6%

Payback period

>10 years

4th year

>10 years

6th year

>10 years

7th year

Benefit–cost ratio

0.8 < 1

1.8 > 1

0.6 < 1

1.3 > 1

0.6 < 1

1.3 > 1

Not worth
investing with the
current pilot size.

Longer payback
period but worth
continuing with
the investment.

Not worth
investing with the
current pilot size.

Longer payback
period but worth
continuing with
the investment.

Recommendation

Not worth
investing with the
current pilot size.

It is worth
continuing with
the investment.

Extending the WTP scenario test with 24 SS-48 feeders, the CBA showed the payback
period further reduced by close to half, with increased NPV and IRR for each software
developed compared to the assumption the complete solution developed at the DSO
premise (see Figure 10).
5.4. Replication and Market Potential of RESOLVD Solution
The replication and market potential of the RESOLVD solution can be looked at in
two perspectives. The first one is based on the number of secondary substations available
in the EU and EEA. In this regard, there is an estimated number of 4.5 million secondary
substations (SS). However, as the case pilot depicted, there is the possibility that RESOLVD
solution may not apply to all these substations. For example, referring to the DSO where the
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RESOLVD pilot was implemented, only 35% SS from the total available 907 SS could apply
the solution due to different factors (e.g., physical available surfaces, the structure and
topology of the distribution networks). Based on similar assumption of 35%, RESOLVD
can be replicated to a large number of SS in the EU and receive a proportional benefit
from increased hosting capacity, DSO investment reduction, and other associated direct
and indirect benefits. From a market potential point of view, in the EU, there are about
190 large DSOs (≥100 K customers) and more than 2400 small and medium DSOs which
have less than 100 K customers (See Table 7). Only within partners’ countries there are
27 large DSOs and 640 medium and small DSOs. Considering all these DSOs together
with other stakeholders (aggregators, business entities/sister companies, third parties,
etc.), RESOLVD could contribute to the EU targets of renewables by increasing the hosting
capacity to reach high DERs and create an impact to the society at large.
Table 7. Number of DSOs in partner countries and EU and EEA for RESOLVD replication and market.
Partners

Population (MN)

DSO (<100 K Customers)

DSO (>100 K Customers)

TWh

Spain

47

349

5

278

Norway

5.4

150

7

118

Austria

8.8

138

13

61

Greece

11.1

2

1

45

Slovenia

2

1

1

13

Total

74.3

640

27

515

EU and EEA

520MN (inc. UK)

2400

190

2700

6. RESOLVD Implications on Business and Policy (Linked to RQ4)
6.1. Business Implication
From WTP scenario analysis, it is found that the SaaS approach is more cost-attractive
than the traditional approach of owning software. In consultation with DSO, five additional benefits of the SaaS approach have been identified, making it a more attractive
option from a business perspective. These additional benefits are: (i) DSOs can obtain a
predictable payment, which can be consistently budgeted in each term, (ii) SaaS removes
the burden of maintaining on-site servers and software, freeing up IT staff to work on more
strategic initiatives and ensuring greater solution uptime, (iii) DSOs do not have to worry
about unexpected expenses associated with unplanned maintenance and/or breakdown,
(iv) DSOs have access to updated software all the time, rather than buying new updates,
and (v) cloud-based software can be updated in the background without any disruption
to the existing deployment. Considering this attractiveness, technology developers have
become interested in exploring the option of providing a complete RESOLVD solution as a
service. This has been identified as an area of further research.
PED (along with storage) has shown the potential to provide multiple flexibility
services to the distribution grids. It can also provide flexible services to other sectors,
such as buildings, industries, and EV charging stations. Thus, there could be multiple
beneficiaries of the PED, but the cost needs to justify investment for other beneficiaries. One
way to make PED more cost attractive would be to stack multiple values together. From a
policy perspective, DSO needs to procure these services through market mechanisms and
should act as a neutral market facilitator of such services. However, market mechanisms to
procure flexible services are not yet clearly defined at a local level in most of the member
states. Absence of such local market limits DSOs’ ability to procure services and limits
benefits derived from the value stacking capabilities of PED. Thus, for market adoption of
technology such as PED, it is crucial that regulations on local energy markets are defined
sooner.
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6.2. Policy and Regulatory Implications
The adoption of solutions such as those developed by the RESOLVD project is directly
correlated with the specific targets set by the EU and the policy linked with the measures
aiming to increase the efficiency and hosting capacity of the distribution grids. The CBA
outcomes presented in this paper give interesting insights, specifically to the DSOs, as to
the impact that the RESOLVD solutions can have in achieving those targets/plans. The
positive CBA shows that research results from the project are cost-effective in improving
the hosting capacity of the existing distribution grid infrastructure, thereby deferring grid
capacity investments.
From a techno-economic point of view, DSOs constantly look for ways to lower the total cost of infrastructure investments (capital expenditure, i.e., CAPEX). As demand for new
infrastructure grows, DSOs look for ways to improve their management and mitigate investment risk. The CAPEX of grid expansion can be deferred by implementing technologies
that improve operational efficiency of the grid, i.e., having operation expenditure (OPEX).
However, DSO being a regulated business, the remuneration for investment in most of the
member states in the EU is capital expenditure (CAPEX)-based. This limits DSOs to invest
in innovations that are OPEX-based. An optimal mix of CAPEX and OPEX depends upon
local conditions and, thus, CEER, in its recommendation to the EU commission, proposes
allowing DSO to decide optimal mix. In this regard, a total expenditure (TOTEX) approach
is considered promising to support innovations, as well as reduce overall costs associated
with DSO business. This business approach is in line with the proposed change in business
model by [46,47].
According to the new Spanish law 3/2013 (under Royal Decree-Law 1/2019), DSO
remuneration may incorporate incentives, which may have positive or negative signs, to the
reduction of costs of the electricity system derived from its operation or other objectives
(see Section 4.2 for remuneration formula). RESOLVD results of CBA provide evidence
that OPEX-based investments can be cost-effective in both increasing hosting capacity and
deferring gid upgrade.
7. Conclusions
The EU energy policy principles to overcome the challenges in the field of energy
include speeding up the slow progress in energy efficiency and alleviating the challenges
emanating from the increasing share of renewables in a cost-effective way. This research
provides concrete evidence for energy policymakers, DSOs, and technology developers
by validating a complete proof of concept of RESOLVD solution in the real-life pilot to
improve energy efficiency and hosting capacity with reduced investment cost.
The IT and smart LV grid solutions developed, implemented, and tested in the project
RESOLVD justified the economic viability of a complete solution. The research impact was
substantiated by doing a detailed cost–benefit analysis (CBA) and the results revealed that
the solution offered by RESOLVD is economically viable with high scale-up and replication
potential. The major savings were found from increased renewables hosting capacity
and reduction in DSO investment (see Tables 4 and 6). Both direct and indirect benefits
quantified based on carefully defined KPIs, control indicators (CI), and shadow price
(retribution and willingness to pay) showed positive results. These results substantiate the
relevance of the proposed solution and give evidence for policymakers and other DSOs
so that they can enable a speed up and facilitate the transition from the traditional grid
upgrade towards intelligent grid operation and management.
Another interesting finding from the DSO, technology providers, and future smart
grid business standpoint of view is the scenario test of software as a service (SaaS). The
willingness to pay (WTP) scenario test based on SaaS showed that the three-software developed in the project (ILEM, ESB, and LVD-DST) reduced the payback period significantly
(about 3 years on average), with higher NPV, IRR, and benefit–cost ratio. This has strong
implications to the DSOs and technology developers to plan for the large-scale deployment of the solution considering the whole value chain, including manufacturing of the
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necessary hardware and software components for the complete solution. This paves a
way forward and provides an in-depth insight to exploit the benefits gained from grid
operational expenditure (OPEX) and transforms the traditional CAPEX to TOTEX. From
the DSO perspective, intelligent local energy managers under the SaaS plan can make the
solution economically attractive in the short term not only from the NPV values, but also
from the need of high interactions with the end-user and proximity of the ILEM.
To summarize, the findings in this research strengthen the EU policy in the context
of improved energy efficiency, increasing hosting capacity, and promoting low-carbon
and clean energy technologies to drive the energy transition through the RESOLVD costeffective solution, which, in turn, improves competitiveness. Further, it facilitates and
speeds up the process of ensuring energy security through solidarity and co-operation
between EU countries, which is one the EU energy policies (e.g., in RESOLVD, seven
partners from Spain, Norway, Austria, Slovenia, and Greece involved).
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AMI
BAU
BMS
CAPEX
CBA
CIM
DER
DG
DMS
DSO
EES
EF
GIS
GW
IED
ILEM
JRC
KPI
LV
MDMS
MV
OPEX

Advanced Metering Infrastructure
Business As Usual
Battery Management System
Capital Expenditures
Cost–Benefit Analysis
Common Information Model
Distributed Energy Resource
Distribution Generation
Distribution Management System
Distribution System Operator
Electrical Energy Storage
Energy Forecaster
Geographic Information System
Gateway
Intelligent Electronic Device
Intelligent Local Energy Manager
Joint Research Centre
Key Performance Indicator
Low Voltage
Metering Data Management System
Medium Voltage
Operating Expenditure
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PCS
PED
PMU
PQM
RQ
RES
SaaS
SCADA
SG
SGT
SGAM
SM
SS
TOTEX
TSO
WAMS
WTP

Power Conversion System
Power Electronic Device
Phasor Measurement Unit
Power Quality Monitoring
Research Question
Renewable Energy Source
Software-as-a-Service
Supervisory Control and Data Acquisition
Smart Grids
Smart Grid Technologies
Smart Grid Architecture Model
Smart Meter
Secondary Substation
Total Expenditure
Transmission System Operator
Wide Area Monitoring System
Willingness-To-Pay

Appendix A
Table A1. Some list of cost and benefit attributes.
Investment Costs (Development and Service)
Intelligent Local Energy Manager (ILEM) development
(PED + Personnel+ batteries)
Remote Terminal Unit (RTU)
Low voltage switchgear (LVSG)
Phasor Measurement Unit (PMU)
Phasor quality meter (PQM)
Operation cost(effort)
PSS power system supply
Gateway
Router
EBS software platform (development cost)
LVD-DST software platform/forecasting and scheduling
Cyber security service
Other investment costs
Replacement cost
Residual cost
Revenue/Savings
KPI-1: Power loss reduction due to waveform quality
improvement
KPI-2 Improvement of the energy profile in the secondary
substations
CI-1 Efficiency rate of the PED and the energy storage system
KPI-3 Increase of DERs hosting capacity in LV network
KPI-4 Reduction of DSO investment
CI-2 DSO operation expenditures with respect to the BAU
solutions
KPI-5 Percentage of improvement in line voltage profiles with
power injection and consumption
KPI-6 Rate of prevented critical events in the LV grid due to
forecasting and remote control of grid actuators
KPI-7Quality of online event detection in LV grid
KPI-8 Quality and time needed for awareness and localization
of grid fault MV grid (per incident 1785)
KPI-9 Quality of LV grid operation in island mode
CI-3 Waveform quality in LV grid

Costs in EUR
xxxxxxx
xxxx
xxxx
xxxx
xxxx
xxxx (DSO retribution)
xxxx
xxxx
xxxx
xxxxxxx
xxxxxxx
xxxxxx
xxxx
(xx)
Savings in EUR per Year
xxx
xxxx
-xxx
xxxxx
xxxxx
xxxx
xx
x
x
xxxx
xxxx
xx
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Appendix B

FigureA1.
A1.Average
Averageprice
price used
used for some
benefits
(source:
OMIEData).
Figure
some of
ofthe
theKPIS
KPIStotoquantify
quantifythe
the
benefits
(source:
OMIEData).
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