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Executive summary
This report represents deliverable 7.4 in work package 7 of the InteGrid project – “CBA, regulatory analysis
and business models”. Specifically, it presents the Cost Benefit Analysis of nine of InteGrid’s High Level Use
Cases (HLUCs), divided over three demos (Slovenia, Portugal and Sweden) and is executed on an HLUCspecific basis. The following summarizes the CBA for each demo.
Slovenian demo
In the Slovenian demo, two HLUCS were assessed, both concerning the use of flexibility provided by a
Virtual Power Plant (VPP) using Distributed Energy Resources (DERs), to manage constraints in the
distribution grid of Elektro Ljubljana.
HLUC01 assesses the costs and benefits from the DSO’s perspective, with costs being the payments the DSO
has to make to the VPP, and benefits being the avoided costs of grid investments. HLUC01 assessed three
scenarios to represent optimistic (high), best estimate (medium) and conservative (low) views.
In HLUC12, the CBA was executed from the perspective of the VPP operator, with the costs being those
associated with the development of the VPP and procurement of flexibility and the benefits, the payments
received from the DSO. HLUC12 assessed three scenarios:
•
•
•

a scenario where the flexibility is delivered by the Technical VPP (tVPP) to the DSO;
a scenario where the flexibility is delivered by a Commercial VPP (cVPP) to the TSO; and
a final scenario where the flexibility is partly delivered by the tVPP to the DSO, and partly by the
cVPP to the TSO.

The Slovenian CBA, which was applied to the whole of ElektroLjubljana’s distribution grid, showed in its
results that grid benefits strongly outweigh the costs to enable and/or procure flexibility. HLUC01 results
are more positive in comparison with HLUC12, indicating an unequal distribution of benefits between the
DSO and the tVPP, under the conditions considered in the CBA. The distribution of benefits depends on the
price that the DSO pays for the acquired flexibility. Therefore, the flexibility price was subjected to a
sensitivity analysis, which showed that the flexibility price can be increased from €0.20/kWh to €1.83/kWh
- €2.51/kWh (depending on the scenario), without leading to monetary losses for the DSO. Decreasing the
electricity price from €0.20/kWh to €0.03/kWh-€0.05/kWh led to a loss for the tVPP. The results also show
that a higher flex price would in general contribute to a more equal distribution of the benefits between
the VPP and the DSO.
Swedish demo
In the Swedish demo, four HLUCs were assessed. In HLUC03, a comparison is made between Predictive
maintenance (PM) and Time-based maintenance (TBM) for transformers. The analysis covered three
scenarios, which compared the application of PM and TBM for (1) only HV/MV transformers, (2) only MV/LV
transformers, and (3) a combination of both. The CBA shows positive results for HV/MV transformers, but
negative results for MV/LV transformers. The sensitivity analysis showed the results strongly depend on
assumptions made regarding several input parameters, including, among others, assumptions on
transformer condition, maintenance time and costs, and the price placed on energy not supplied.
Therefore, further research to firm up these parameters would benefit the insights from this analysis.
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In HLUC04, an advanced fault location system is implemented in the grid, in combination with an optimized
repair system. This leads to benefits resulting from avoided Customer Minutes Lost (CML). The CBA results
show significant benefits from cost reductions, leading to a positive NPV.
HLUC09 implemented a home energy management system (HEMS) for several households in the Swedish
demo. The HEMS, called Active House, undertakes automated energy management at the residential
consumer premises to maximize energy efficiency , leading to a reduction in household energy bills, as well
as a wider social benefit of reductions in carbon emissions. The Swedish demo results show Active House is
an economically viable solution for single apartments and 2-member apartments, but not for family
apartments. This is because reported energy savings were lower for family apartments and may indicate
that energy management is comparatively harder to realise in a family apartment than for smaller
households.
HLUC11 explore a similar premise as HLUC09, using a social network, called LocalLife, rather than a HEMS:
LocalLife does not actively control energy consumption, but rather advises residents to instigate energy
efficient behaviour. The CBA results for HLUC11 show the energy-saving benefits exceed the relatively low
costs, and therefore LocalLife is an economically viable solution, indicating the potential future role of social
media in encouraging energy efficient behaviour.
Portuguese demo
In the Portuguese demo, five HLUCs were assessed. Like the Slovenian demo, HLUC01 aims to compare the
implementation of flexibility with a traditional grid enforcement approach, from the DSO’s perspective. In
contrast to the Slovenian demo, the Portuguese CBA results are negative. In the Portuguese CBA, which
was applied to a local MV grid, it is assumed that investments can be deferred for two years, instead of
avoided (as assumed in Slovenia), meaning that the benefit only amounts to the money saved postponing
an investment further into the future. These findings show that the viability of flexibility services as an
alternative to grid investments can vary strongly by location, depending on local grid configuration and
topology, local drivers for load growth, as well as wider market arrangements and developments. The
sensitivity analysis for HLUC01 shows that all costs need to be decreased drastically before the CBA will
yield positive results. In addition, deferring the costs for a longer period will only lead to more negative
results, since the extra costs for deferral exceed the benefits. Therefore, applying flexibility will only be a
viable solution when applied to a larger grid.
HLUC02 compared the effectiveness of flexibility and the curtailment of DERs. Results from this HLUC show
that applying flexibility can be more economic than load shedding/curtailment and that the price of the
flexibility/curtailment that applies is the main driver of the solution viability. As an extension of this HLUC
(HLUC2*), a survey was undertaken among InteGrid partners to assess the potential application of the Low
Voltage State Estimator (LVSE) was circulated among the DSOs partners and results are analysed under
HLCU02*. The survey results showed that the LVSE is well considered among the DSOs as it increases the
visibility over the LV grid, giving information about the potential violations. Lastly, the information provided
by the LVSE can be also used for other purposes being the most valued by the DSOs the use of flexibility
and the increase in RES hosting capacity.
HLUC08 assessed the viability of electrical energy savings and flexibility provision to the DSO/TSO in an
urban Water Resources Recovery Facility (WRRF). The CBA results show benefits achieved by mFRR and
process optimization exceed the costs. The sensitivity analysis supports this conclusion; a strong decrease
in mFRR activation probability is required to change this conclusion. Applying flexibility in a WRRF can be
considered an economically interesting solution.
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Like the Swedish demo, HLUC09 of the Portuguese demo involved installing a HEMS to compare the costs
and benefits. The CBA adopted a currently existing tariff in Spain, which will be introduced in Portugal in
the near future, and under which the price paid for energy equals the marginal price on the wholesale
energy market. The analysis considered three types of consumers: a basic consumer, with fewer appliances
integrated with the HEMS; a premium consumer, with more integrated appliances; and a PV-consumer,
with the same appliances as the premium consumer, but an additional PV-system. The CBA shows the
viability of the solution heavily depends on the type of customer. For the basic customer, due to the low
operating margin of the HEMS, the benefits observed were low. For the PV consumer, since it mostly
consumes energy that it generates itself, the energy taken from the grid is low leading to lower benefits.
The premium consumer showed the best results as the HEMS has a greater scope to optimise the economic
efficiency of equipment operation and energy consumption. The analysis performed for Sweden
surprisingly showed that the behavioural response had more positive results than the automated response
provided by the HEMS. Combining this with the higher cost of the HEMS, the business case for LocalLife
yields better results overall.
Finally, HLUC10 of the Portuguese demo, upgraded several office buildings with Heating Ventilation Air
Conditioning (HVAC) systems, to enable them to provide flexibility in the ancillary services market. The CBA
results show the achievable aFRR benefits exceed the auxiliary metering equipment costs, which indicates
that enabling flexibility in office buildings, as explored in InteGrid, can be a viable solution.
Overall conclusion
The CBA analysis examined a wide variety of concepts across three demo countries, with mostly positive
results. The main finding of this CBA is that the outcome of smart grid projects depends on various factors,
including specific market conditions, flexibility prices, country specific regulations and the costs underlying
each specific solution. The insights from this CBA can support decision makers to select the best
technologies and provide enhanced knowledge into the various factors that may inform the direction of
development of future smart grids.
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1 Introduction
InteGrid Work Package (WP) 7 assesses the results of the InteGrid project on both a technical and economic
basis. WP7 consists of three tasks, each focused on a particular aspect of the assessment:
1)

Accomplishment of a regulatory analysis of the current framework, existing barriers and further
recommendations (Task 7.1);

2)

Cost Benefit Analysis (CBA) (Task 7.2); and

3)

Definition of plausible business models to be exploited by the stakeholders involved (Task 7.3).

This report is the final product of the CBA, (task 7.2). In a CBA, the costs of a certain action, project or
product are weighed against the benefits, over a certain period. The result of a CBA can help decision
makers by providing information on whether the action/project or product is economically viable and under
which circumstances this may change. In the InteGrid project, multiple High-Level Use Cases (HLUCs) are
assessed for different demo’s in different countries. This CBA is performed for nine HLUCs divided over
three demo’s: Three HLUCs in the Swedish demo (HLUC03, HLUC04, HLUC09 and HLUC11), five HLUCs in
the Portuguese demo (HLUC01, HLUC02, HLUC08, HLUC09 and HLUC10) and two HLUC’s in the Slovenian
demo (HLUC01 and HLUC12). Costs and benefits are assessed on an HLUC-level, per demo and conclusions
are drawn accordingly.
This report (InteGrid Deliverable 7.4) follows on InteGrid Deliverable 7.3 (D7.3), which sets out the basis for
the cost-benefit analysis, by describing the execution of the CBA and presenting the results. The remainder
of this report is structured as follows:
•
•
•

Section 2 recaps the use of the European Commission’s Joint Research Centre (JRC) CBA
methodology, updates the focus of the CBA and sets out further standard assumptions;
Sections 3 to 5 describe the execution and outcomes of the CBA analysis for each of the 3 demo
countries (Slovenia, Sweden and Portugal) including the conclusions gathered after the CBA;
Section 6 sets out our overall conclusions.
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2 Methodology
JRC methodology
As described in the December 2018 InteGrid report “Basis for the cost-benefit analysis” (D7.3), the
CBA follows the CBA methodology developed by the European Commission’s Joint Research Centre
(JRC) [1]. Figure 2-2 below provides the high-level schematic overview of this methodology – for
the full description please refer to InteGrid D7.3.

Figure 2-1: JRC CBA Framework [1]

Figure 2-2 below provides a breakdown of the 7 stages to perform the cost-benefit analysis (step 2 in
Figure 2-2). At the time of writing InteGrid D7.3 in December 2018, steps 1-4 of the JRC process
were completed and the CBA was standing by for commencement of the InteGrid Demos to
capture and monetise the relevant costs and benefits for each demo.
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Figure 2-2: JRC CBA execution Structure [1]

Updated Methodology & HLUC Descriptions
As described in InteGrid D7.3, the CBA seeks to quantify the economic difference in net present value (NPV)
terms between:
•
•

A baseline, reflecting the (assumed) status quo of the smart grid in terms of network assets and
smart grid solutions in place without deployment of the smart grid; and
One or more scenarios, reflecting the integrated and coordinated deployment of the baseline
solutions, with the possible addition of new solutions and further facilitative technology, to test the
potential of achieving a net benefit greater than the sum of the individual parts.

In September 2019, the CBA approach was revised to reflect actual developments regarding the progress
and focus of the Demos. The focus of the calculations was set on the cost and benefits for a subset of highlevel use cases (HLUCs) under each demo, based on the likely Demo progress within the project period and
the data expected to be available. In addition, steps were taken to ensure that CBA results could be
calculated for HLUCs in the event real data would be absent, by sourcing data through simulations, research
and expert opinion where possible.
The tables below provide a summary overview of the HLUCs and associated captured in the CBA analysis
for each demo country. The tables provide the primary actor, the aim and scope of the CBA and the way of
monetization for each HLUC. InteGrid report D1.2, Use Cases and Requirements, provides a full description
and background to each HLUC.
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Table 2-1: Slovenia - HLUCs

HLUC

HLUC01

Primary
actor
DSO

CBA Aims and Scope

Aims to test the costs and benefits of the
predictive management of the MV distribution
grid based on the use of flexibility

Monetization

Compares:
CAPEX and OPEX (including flexibility purchasing
costs) of the tools needed by the DSO to
implement the use of flexibility in the grid
With:

HLUC12

VPP

Aims to tests the costs and benefits of the
implementation of a VPP that can either sell
flexibility to the DSO (tVPP) to avoid grid
constraints or to the TSO (cVPP)as ancillary
services.

CAPEX and OPEX of the conventional grid
management, mainly grid investments to
increase the capacity and RES hosting capacity
Compares:
CAPEX and OPEX (including flexibility purchasing
costs) of the tools needed by the VPP operator to
implement the use of flexibility in the grid
With:
The business as usual, without a VPP.
The analysis has been performed to the tVPP,
cVPP and tVPP+cVPP (+TLS)

Table 2-2: Sweden - HLUCs
HLUC
HLUC03

Main
Actor
DSO

CBA Aims and Scope
Aims to test benefits of predictive maintenance
(condition-based) vs. conventional maintenance
(time-based)

Monetization
Compares:
CAPEX and OPEX difference between the
implementation and operation of the predictive
maintenance system and the conventional
maintenance
With:
Benefits generated by the predictive
maintenance system including reduction in the
mean time of failure duration for transformers
and the costs of the transformer maintenance.
CBA compares benefits for HV/MV and MV/LV
transformers

D7.4 - CBA Methodology and Results

HLUC04

DSO

Aims to test the cost and benefits of
implementing an advanced fault location +
optimized repair actions against the traditional
fault location (SCADA + call center data,
maintenance crew doing visual inspection)

Compares:
CAPEX and OPEX difference between the
implementation and operation of the advanced
fault locator and the conventional approach
With:

HLUC09

Consumer

Aims to test the costs and benefits of the Active
House automated-demand response solution.
In Sweden only, seeks to compare the costeffectiveness of Active House (HLUC09) with that
of LocalLife (HLUC11)

Benefits generated by the predictive
maintenance system including reduction in the
Energy Non-Served (ENS) and Customer Minutes
Lost (CML).
Compares:
Capital expenditures (CAPEX) and operating
expenditures (OPEX) associated with
development and operation of Active House
solution
With
Benefits generated by Active House include
household energy bill reductions (kWh and/or
price/kWh) and social benefits (CO2 emission
reductions).

HLUC11 Consumer

Aims to test the costs and benefits of the
LocalLife behavioural demand response solution.
In Sweden only, seeks to compare the costeffectiveness of Active House (HLUC09) with that
of LocalLife (HLUC11)

CBA compares benefits for 2-member, single
occupancy, and family apartments.
Compares:
CAPEX and OPEX associated with development
and operation of LocalLife solution
With
Benefits generated by Active House include
household energy bill reductions (kWh and/or
price/kWh) and social benefits (CO2 emission
reductions).
CBA compares benefits for 2-member, single
occupancy, and family apartments.

Table 2-3: Portugal - HLUCs
HLUC
HLUC01

Primary
actor
DSO

CBA Aims and Scope
Aims to test the costs and benefits of the
predictive management of the medium voltage
(MV) grid based on the use of flexibility

Monetization
Compares:
CAPEX and OPEX (including flexibility purchasing
costs) of the tools needed by the DSO to
implement the use of flexibility in the grid
With:
CAPEX and OPEX of the conventional grid
management, mainly grid investments to
increase the capacity and RES hosting capacity
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HLUC02

DSO

Aims to test the costs and benefits of the
predictive management of the low voltage (LV)
grid based on the use of flexibility.

Compares:
CAPEX and OPEX (including flexibility purchasing
costs) of the tools needed by the DSO to
implement the use of flexibility in the grid
With:
CAPEX and OPEX of curtailing the RES generation
or EV charging stations

HLUC02

DSO

HLUC08

Industrial
Consumer

HLUC09

Residential
Consumer

Aims to assess the potential additional benefits
of LV real-time monitoring (PUC02.2). A survey
was circulated to collect the opinion from the
InteGrid DSOs.
Aims to test de cost and benefits of the
developments performed for Water Resources
Recovery Facility (WRRF), which are:
- A consumption optimization module, that
allows to reduce the energy consumed
- A flexibility matrix module, that allows to sell
flexibility in the ancillary service market

-

Aims to test the costs and benefits of the HEMSdemand response solution.

Compares:

Calculated by comparing the costs incurred by
AdTa in implementing their optimization module
and the integration of the plant within InteGrid
with the benefits that come from the optimizing
and the sales of flexibility

Capital expenditures (CAPEX) and operating
expenditures (OPEX) associated with
development and operation of HEMS solution
With
Benefits generated by HEMS include household
energy bill reductions (kWh and/or price/kWh)

HLUC10

User

Aims to test the costs and benefits of
implementing, in office building, the flexibility
coming from the HVAC system to the ancillary
services (AS) market.

CBA compares benefits for “Basic Customer”,
“Premium Customer” and “Self-Generating
Customer”.
Compares:
Capital expenditures (CAPEX) and operating
expenditures (OPEX) associated with being able
to bid the building flexibility in the AS market
With
Benefits generated by the sale of the flexibility in
the AS market
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Boundary Conditions
As explained in InteGrid D7.3 and shown in Figure 2-1, the starting point for the JRC methodology is to
define so-called boundary conditions, reflecting the collective economic, technical and project conditions
that make up the wider background to the project.
Given the focus of the CBA on individual HLUCs as trialled in the InteGrid Demos, several typical boundary
conditions proposed by the JRC methodology are implicit to the scope and execution of an individual demo
(e.g. technologies implemented, schedule of implementation) or captured through the demo directly (e.g.
electricity demand). The key relevant boundary conditions extraneous to the demo are the discount rate
used to capture the time value of money and the assumed relevant time horizon for the project.
Our assumptions for these are discussed in the following sections.

2.3.1

Discount rate

For the CBA analysis, the underlying assumptions for the discount rate are aligned with WP8 [3]of the
InteGrid project. Below, these assumptions are explained, based on the D8.2 report, page 54. The discount
rate reflects the time value of money to determine the present value of future cash flows. The discount
rate typically has a significant impact on the assessment of smart grid projects because costs are incurred
predominantly at the beginning while they often provide benefits in the long-term.
We have used different discount rates to calculate the CBA for different HLUCs, reflecting the perspective
adopted and the stakeholders considered. Recognizing the societal value of smart grid investments under
Cluster 01 and Cluster 02 (all HLUCs except for HLUC10 and HLUC 12 in this report), a social discount rate
has been applied. Discounting costs and benefits at this discount rate provide the value the project gives to
society regardless of the actual project funding costs. In Annex III of the Implementing Regulation 2015/207
on the CBA methodology of investment projects for 2014-2020 programming period, the European
Commission (EC) recommends that a real discount rate of 5% be used as a benchmark Social Discount rate
for Cohesion Member States, which includes Portugal and Slovenia (European Commission, 2015). In Annex
III of the Implementing Regulation 2015/207 on the CBA methodology of investment projects for 2014-2020
programming period, the European Commission (EC) recommends that a real discount rate of 5% be used
as a benchmark Social Discount rate for Cohesion Member States, which includes Portugal and Slovenia
(European Commission, 2015[1]).
In the case of Cluster 03 and Cluster 04 (HLUC10 & 12 in this report), the assessment has been made from
a private investor’s point of view. After consulting with CyberGRID, a real discount rate of 15% has been
taken as a working assumption due to the high level of risk of a commercial aggregator business case. Since
Sweden is not a cohesion member state, a real discount rate of 3% has been used for all Swedish HLUCs, in
line with European commission guidance. Based on the above, the discount rates that are applied in this
CBA are as follows:
•
•
•

3% for de Swedish demo;
15% for HLUC10 and HLUC12 of the Portuguese and Slovenian demo; and
5% for all other HLUCs.
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2.3.2

Time horizon

The actual Demo period (< 1 year) is too short to capture the realistic economic potential of solutions with
a longer functional lifetime. As a principle for this CBA, the relevant time horizon is assumed to be
equivalent to the functional life of the longest living asset in the solution deployed.
However, in some of the CBAs where digital simulations have been used, the time horizon has been adapted
to the simulation scope, reflecting a reasonable theoretic time frame over which to test the economic
potential of the InteGrid solution.

Sensitivities
According to the JRC methodology, the goal of the sensitivity analysis is to find the range of variables leading
to a positive outcome of the CBA. This requires identifying the break-even value of critical variables, i.e. the
value that would lead to an NPV of zero, or more generally, for the outcome of the project to fall below the
minimum level of acceptability. In addition, JRC defines specific variables that could be considered to
implement as a sensitivity.
In assessing the sensitivities, DNV GL used the JRC methodology as a guideline. DNV GL’s main goal for the
sensitivities was to provide useful insights that provide valuable additional insight into the CBA results. From
this perspective, DNV GL used two principles, described below.
•

•

The first principle is to apply the JRC methodology by running sensitivities on any HLUC for which the
CBA returned a negative NPV, to find the range of (realistic) variables leading to a positive outcome of
the CBA and enable commentary on these variables.
For the second principle, that goes beyond JRC requirements, DNV GL researched parameters that
influence the NPV outcome (e.g. linearly, exponentially, etc.), to sense check demo or simulation
assumptions as well as where a sensitivity may provide a learning insight.

Sections 3-5 below discuss which sensitivities have been considered for each HLUC and comment on the
relevant insight obtained.

Data sources
The purpose of this CBA is to assess whether the HLUCs as trialled by the InteGrid Demos are economically
viable, or if they potentially could be beneficial under other circumstances. For this reason, the primary
source of cost and benefit data is information provided by the relevant InteGrid partners involved in each
demo. In some occasions where the Demos did not physically deploy a solution, data was obtained through
simulations from InteGrid partners. Where neither real nor simulated data was available from InteGrid
partners, the CBA sourced assumptions through expert opinions or estimates from partners, or through
research of professional or academic sources. The relevant sources are given throughout the document in
the specific sections.
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3 Slovenia
HLUC01: Operational planning of MV distribution
network to pre-book available flexibility
3.1.1

HLUC description & methodology

The scope of this HLUC is the short-term management of DERs and loads, to solve grid constraints and to
optimize network operation in different locations and periods. For this, the Distribution System Operator
(DSO) has been enabled to obtain flexibility from a Technical Virtual Power Plant (tVPP). The tVPP collects
flexibility offers from providers to be used by the DSO to manage/avoid constraints in the distribution grid.
The short-term deployment of flexibility allows the DSO to avoid or defer long-term investments in network
capacity.
The CBA applies to Elektro Ljubljana’s entire distribution network and considers three different scenarios
forecast by the planning department. Each of the scenarios considers a different evolution of the
electrification in Slovenia, the three scenarios are as follows:
•
•
•

Mid (Best estimate): this scenario considers the integration of PV and electrical mobility. The PV
considered is mainly behind-the-meter technology.
Low: this scenario considers a lower penetration of renewables and electrical mobility than is
expected in the best estimate.
High: this scenario considers the integration of PV and electrical mobility in the grid, alongside high
levels of grid electrification, primarily through substituting traditional gas heating and air
conditioning with heat pumps.

As detailed in the following sections, each of the scenarios consists of different avoided and deferred
investments and flexibility requirements from the tVPP. These are used to determine the viability of the
solutions, with these also estimated by Elektro Ljubljana’s planning department.
The tVPP associated costs and business model is provided by the partners. In this HLUC, we include the
tVPP cost in the flexibility price, but a dedicated CBA based on a tVPP business model, designed by
CyberGRID, has been developed in section 3.2.

3.1.2

Benefits

This HLUC can provide benefits to the DSO through avoiding or deferring network investment costs. Elektro
Ljubljana provided the total investment requirements. They typically work with short-term and long-term
investment plans. The short-term plans are performed for the next three years, while the long-term plans
consider the next 10 years.

InteGrid

GA 731218

27 | 118

D7.4 - CBA Methodology and Results

The CBA investment plan is developed in 2019. Table 3-1 shows the investment plan for the 12 years
covered in the CBA. It provides forecasts for new infrastructure needs, such as substations, MV/LV
transformer stations etc., in addition to reconstructing/upgrading existing assets.
Elektro Ljubljana have also estimated the avoided investments achievable with the use of flexibility. These
estimations are based on their grid knowledge and extensive experience of a tVPP, which has been in
operation for their distribution grid for a number of years. The savings have been calculated as the
percentage of avoided planned investment. The analysis includes the assumption that after some years the
savings become constant, with the exact year varying depending on the scenario. This is because flexibility
is unable to indefinitely defer network reinforcement/investment, meaning the limits of its benefit, at a
certain point in each scenario, is reached. For the CBA, this means that the reduced investment achieved
remains constant after this saturation point. This effect can be seen in Figure 3-1.
In addition to the investments, Table 3-1 shows the required investment and the avoided investment, per
scenario. As expected, the avoided investment is greater for the high scenario, as the level of electrification,
and thus the available flexible sources, are higher than in the other scenarios.
Table 3-1: Investments and reduction potential for all three scenarios

Year
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030

InteGrid

Investments

Investment reduction

New
buildings

Reconstructions

Total
investments

€ 27.7M
€ 30.0M
€ 2.0M
€ 23.9M
€ 27.1M
€ 26.3M
€ 24.2M
€ 26.2M
€ 29.0M
€ 29.8M
€ 29.1M
€ 29.0M

€ 6.7M
€ 7.4M
€ 10.2M
€ 10.5M
€ 7.3M
€ 8.1M
€ 10.2M
€ 8.2M
€ 5.4M
€ 4.6M
€ 4.6M
€ 4.6M

€ 34.4M
€ 37.4M
€ 36.4M
€ 34.4M
€ 34.4M
€ 34.4M
€ 34.4M
€ 34.4M
€ 34.4M
€ 34.4M
€ 33.7M
€ 33.7M

Best estimate

1.0%
2.0%
2.5%
3.0%
3.5%
4.0%
4.5%
5.0%
5.0%
5.0%
5.0%
5.0%

GA 731218

€ 344.0K
€ 748.0K
€ 910.0K
€ 1.0M
€ 1.2M
€ 1.4M
€ 1.5M
€ 1.7M
€ 1.7M
€ 1.7M
€ 1.7M
€ 1.7M

Low

0.5%
1.0%
1.5%
2.0%
2.5%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%
3.0%

€ 172.0K
€ 374.0K
€ 546.0K
€ 688.0K
€ 860.0K
€ 1.0M
€ 1.0M
€ 1.0M
€ 1.0M
€ 1.0M
€ 1.0M
€ 1.0M

High

2.0%
2.0%
2.0%
3.0%
4.0%
5.0%
6.0%
7.0%
7.0%
7.0%
7.0%
7.0%

€ 688.0K
€ 748.0K
€ 728.0K
€ 1.0M
€ 1.4M
€ 1.7M
€ 2.1M
€ 2.4M
€ 2.4M
€ 2.4M
€ 2.4M
€ 2.4M
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The Figure below shows investment savings for each year in the project period, as projected by Elektro
Ljubljana.

Benefits - reduced investments
Savings (*€1.000.000)

3.0
2.5
2.0
1.5
1.0
0.5
0.0

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Best estimate

Low scenario

High scenario

Figure 3-1: Development of benefits over 2019-2030

3.1.3

Costs

The predictive management of the MV grid requires two different types of costs. The first is based on the
assets (software and hardware) required to enable the use of flexibility in managing the grid. The current
SCADA used by Elektro Ljubljana would need to be upgraded, as it does not include the functionalities
required to manage the flexibility. Although the tools detailed below are not the exact ones used in
Slovenia, the solutions Elektro Ljubljana would need to adopt are similar in functionality and cost as the
ones described in the Portuguese demo. These functionalities have been developed within InteGrid, and
are listed and briefly described below:
•

•
•

InteGrid

Multi Period Optimal Power Flow module (MPOPF): A smart grid function for Medium Voltage
network operational planning and flexibility management. Designed to provide a plan capable
of optimising the network state while keeping the grid power flows and voltage magnitudes
within admissible ranges. This is achieved by identifying and reserving a range of flexibilitybased actions to meet grid technical constraints, alongside focusing on a specific objective –
such as flexibility cost minimization or network power loss minimization. The MPOPF function
considers various types of control variables, working over DSO assets (e.g. capacitor banks,
storage systems and transformers with OLTC capabilities), demand response from
industrial/commercial consumers and the reactive power control of generators.
Load Forecasting Service: Module which utilises available historical data to estimate the future
load of consumers connected to the grid.
RES Forecasting Service: Module which uses weather forecasts and historical data input to
estimate the generation of connected RES.
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•

MV Load Allocation: Tool which enhances network observability through providing an
estimation of the active and reactive powers, as well as the voltage phasors in each secondary
substation of the MV grid. The tool has the capability of processing forecasts and providing
insight for areas of the network with limited information or historical data.

The cost is provided by the tool developers and is composed of two different components. The first is a
one-time upfront payment which typically relates to licenses, hardware purchases and implementation –
these costs are in the CAPEX category. The second concept is for recurring yearly payments, this mainly
relates to maintenance of the assets, salaries or any other needed periodic payments – these costs are in
included in the OPEX category. Table 3-2 shows a breakdown of the costs. Additional hardware costs have
not been considered as the implementation is expected to take place in Elektro Ljubljana’s current facilities.
Table 3-2: Tool cost of InteGrid tools

MPOPF
Load forecasting Service
RES forecasting
MV Load allocation
Total

CAPEX

OPEX

€ 156K
€ 78K
€ 108K
€ 65K
€ 407K

€ 33K
€ 5K
€ 55K
€ 5K
€ 98K

However, the DSO has to pay for the flexibility it uses. To calculate this requires quantifying the required
flexibility needed to avoid the investments described in Section 3.1.2. This task has been developed by the
Elektro Ljubljana’s planning department and is shown in Table 3-3.
Cyber Grid provided the typical prices that are expected in Slovenia, considering the current operation of
the tVPP owned by Elektro Ljubljana. This price is €0.20/kWh (€200/MWh) and the estimated flexibility
requirements per scenario are as follows:
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Table 3-3: Costs for purchasing flexibility
Best
estimate

Low

High

Best
estimate

Low

High

Best
estimate

Low

High

Year

Costs
InteGrid
solution

2019

€ 505.2K

489

281

852

€ 97.8K

€ 56.2K

€ 170.4K

€ 603.0K

€ 561.4K

€ 675.6K

2020

€ 98.2K

852

489

852

€ 170.4K

€ 97.8K

€ 170.4K

€ 268.6K

€ 196.0K

€ 268.6K

2021

€ 98.2K

1.018

677

852

€ 203.7K

€ 135.3K

€ 170.4K

€ 301.9K

€ 233.5K

€ 268.6K

2022

€ 98.2K

1.178

852

1.178

€ 235.6K

€ 170.4K

€ 235.6K

€ 333.8K

€ 268.6K

€ 333.8K

2023

€ 98.2K

1.333

1.018

1.483

€ 266.6K

€ 203.7K

€ 296.6K

€ 364.8K

€ 301.9K

€ 394.8K

2024

€ 98.2K

1.483

1.178

1.773

€ 296.6K

€ 235.6K

€ 354.6K

€ 394.8K

€ 333.8K

€ 452.8K

2025

€ 98.2K

1.630

1.178

2.051

€ 325.9K

€ 235.6K

€ 410.3K

€ 424.1K

€ 333.8K

€ 508.5K

2026

€ 98.2K

1.773

1.178

2.321

€ 354.6K

€ 235.6K

€ 464.1K

€ 452.8K

€ 333.8K

€ 562.3K

2027

€ 98.2K

1.773

1.178

2.321

€ 354.6K

€ 235.6K

€ 464.1K

€ 452.8K

€ 333.8K

€ 562.3K

2028

€ 98.2K

1.773

1.178

2.321

€ 354.6K

€ 235.6K

€ 464.1K

€ 452.8K

€ 333.8K

€ 562.3K

2029

€ 98.2K

1.773

1.178

2.321

€ 354.6K

€ 235.6K

€ 464.1K

€ 452.8K

€ 333.8K

€ 562.3K

2030

€ 98.2K

€ 354.6K

€ 235.6K

€ 452.8K

€ 333.8K

€ 562.3K

Energy activated (MWh)

1.773

1.178

2.321

Costs energy activated

€ 464.1K

Total costs

The figure below presents the lifetime costs for each scenario. This shows the flexibility costs increase up
to 2024 – 2026 (depending on the scenario), after which they remain constant, following the same pattern
as seen by the investment savings in Chapter 3.1.2. This finding is consistent with the expected behaviour,
as if the flexibility costs were to increase significantly, the DSO would no longer consider flexibility a viable
option and instead would opt for traditional grid reinforcement. In addition, the flexibility needed to
optimise grid management is limited by the grid violations.

Costs(€)

Flexibility Cost
500,000.0
450,000.0
400,000.0
350,000.0
300,000.0
250,000.0
200,000.0
150,000.0
100,000.0
50,000.0
0.0

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Best estimate

Low scenario

High scenario

Figure 3-2: Development of flexibility curtailment costs for 2019-2030

3.1.4

InteGrid

CBA results
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We calculate the CBA results using a 5% discount rate and project period of 12 years. For all three scenarios
the CBA results shows a positive NPV, ranging from approximately €4.2 million to €10.4 million:
Table 3-4: CBA results HLUC01 Slovenia

CBA results (€ 2020)
Mid - Best estimate
scenario
Low scenario
High scenario

Total discounted
costs

Total discounted
benefits

NPV

€ 3.8M

€ 11.5M

€ 7.7M

€ 3.0M
€ 4.3M

€ 7.2M
€ 14.7M

€ 4.2M
€ 10.4M

In all scenarios, benefits are higher than the costs, meaning the achieved grid-reinforcement investment
reductions outweigh the flexibility costs the DCO procure from the VPP. This finding is based on the DSO
paying a fixed price of €0.20/kWh to the VPP. The table above also shows the benefits of deploying flexibility
increase with each electrification scenario (low to high). This indicates that higher levels of electrification
will further challenge the network and create future constraints. Traditional thinking would lead to greater
investment, but our analysis shows this can avoided through deploying flexibility.

HLUC12: Aggregate geographically distributed
third-party resources to offer ancillary services to
TSO and DSO
3.2.1

HLUC description & methodology

This HLUC considers the viability of Technical Virtual Power Plant (tVPP) and a Commercial Virtual Power
Plant (cVPP) implemented in Elektro Ljubljana’s grid in Slovenia. The tVPP collects available flexibility from
connected grid users and provides this to the DSO to avoid grid constraints. The cVPP also collects flexibility
from connected grid users, but instead offers flexibility as mFRR ancillary services to the TSO, ELES.
This CBA assesses the economic viability of the tVPP and the cVPP. The VPPs can work collectively or
independently as the services they provide are similar, this has been incorporated in the assessed business
models in the CBA, resulting in the following scenarios:
1. Standalone cVPP;
2. Standalone tVPP; and
3. Combined scenario (cVPP + tVPP).
The combined scenario includes benefits from both tVPP and cVPP, this assumes the pool flexibility
providers are independent and there is no cannibalisation of the services given, as the Traffic Light System
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(TLS) is able to optimise flexibility deployment while avoiding any grid violation caused by the flexibility
evacuation constraints. In a real operating environment, this would be an ideal scenario.

3.2.2

Benefits

In Slovenia, the ancillary services market is managed by ELES, the Slovenian TSO, and based on an auction
system with pay-as-bid pricing. Historically, the ancillary service price in Slovenia has been high, as only bids
which provided an entire year’s reserve were allowed. More recently, monthly auctions have been
implemented, ensuring more participants qualified to provide tertiary reserve, resulting in a price decrease
of around 10%. The historical prices of the mFRR in Slovenia can be consulted in [4] and [5] and range
around 250€/MWh, which are very high compared to other European markets.
Due to the aggregation, the cVPP is expected to introduce new reserve capacity in the monthly auctions.
Considering the number of customers and its nature, the cVPP is estimated to bid a capacity of around
7MW. This is assumed based on the units considered in the Slovenian demo (according to the demo tests:
3,5MW positive capacity and 5,2 MW negative capacity from which a small backup capacity was
considered). More flexible customers could have been found in the area, if real payments would be offered.
This is comparable to the reserve capacity increase the AS market adopted after opening to monthly bids.
Based on this information, it is expected that the mFRR price will reduce by the same amount as it did after
opening to monthly auctions. Considering this, and the mFRR prices from 2018-2019, from [4] and [5],
CyberGRID estimate the capacity and energy price expected in the market:
•
•

Power: €30/kW/year
Energy: 0.25€/kWh

To estimate the amount of flexibility, the potential pool of customers in Elektro Ljubljana’s grid has been
calculated. Through a conservative assumption, considering only the units involved in the Slovenian demo
(for a total of +3.5MW, -5.2MW mainly provided from DER sources), and a small backup, we calculate a
tradable capacity of 7MW. As mentioned, if real payments were involved in the demo, more providers
would have joined the test and the cVPP would have been able to provide further flexibility to the mFRR
market. As a reference point, the current Slovenian positive mFRR is on average 348MW, of which 20MW
are provided by VPPs.
Furthermore, based on Slovenia market historical energy activation, information verified in the Entso-E
transparency site [6], CyberGRID estimate 14 one-hour long activations of the portfolio, yielding an energy
of around 92 MWh/year provided to the TSO. This calculation considers the total energy activated in the
latest years and the total capacity contracted in the same period.
These values are heavily dependent on the country’s ancillary service regulations and grid. As mentioned,
in Slovenia, the current regulation only allows monthly bids, limiting the individual participation on the
market and enhancing the benefits of the aggregation of the cVPP, creating a favourable environment for
reserve capacity bidding.
Lastly, from the total cVPP income from the TSO, ithas been assumed that 50% remains as VPP benefit and
the other 50% is paid to the flexibility providers. Table 3-5 shows these parameters with the final
calculations of the cVPP income.
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Table 3-5: Benefits cVPP

Commercial VPP
Ancillary services price provided by cVPP
Energy activated by the Commercial VPP
Portfolio capacity
Capacity price
Capacity income
Income for the energy and power
activated
cVPP share
Total benefit

250.92
7
€30,€210,-

€/MWh
MWh/year
MW
€/MWh/year
€/MWh/year

€233K

€/year

50%
€116,5K

%
€/year

Technical Virtual Power Plant (tVPP)
In this HLUC, the tVPP considered is the same VPP which provided flexibility to Elektro Ljubljana in HLUC01.
As the flexibility needed by the DSO would be the same as the one provided by the tVPP, the DSO flexibility
payments is the income received by the tVPP. The income distribution between the VPP owner and the
flexibility providers uses the same assumption as for the cVPP; thus, 50% remains as VPP income and the
other 50% is paid to flexibility providers.
The flexibility price is the same as the price used previously for the DSO in HLUC01: Elektro Ljubljana
provided a price of €0.20/kWh. While this price may appear high, Slovenia is a small control zone with
relatively high mFRR demand, so flexibility prices are also high. The sensitivity analysis, described in chapter
3.3, used this as the starting point.
The CBA has only been applied for the Mid scenario described in section 3.1. This scenario is the mid or best
estimate and is considered the most likely long-term scenario.
Table 3-6: Benefits tVPP, 2019-2024

Energy activated by tVPP (MWh/year)
Income from energy activated (€/year)
Flexibility providers cost (50% of the
incomes)
Benefit

2019

2020

2021

2022

2023

2024

489

852

1,018

1,178

1,333

1,483

€97.8K

€170.4K

€203.7K

€235.6K

€266.6K

€296.6K

€48.9K

€85.2K

€101.8K

€117.8K

€133.3K

€148.3K

€48.9K

€85.2K

€101.8K

€117.8K

€133.3K

€148.3K

Table 3-7: Benefits tVPP, 2025-2030

Energy activated by VPP (MWh/year)
Income from energy activated (€/year)
Flexibility providers cost (50% of the
incomes)
Benefit

InteGrid

2025

2026

2027

2028

2029

2030

1,630

1,773

1,773

1,773

1,773

1,773

€325.9K

€354.6K

€354.6K

€354.6K

€354.6K

€354.6K

€163.0K

€177.3K

€177.3K

€177.3K

€177.3K

€177.3K

€163.0K

€177.3K

€177.3K

€177.3K

€177.3K

€177.3K
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Combined scenario
In the Slovenian demo, the pool of flexible providers used for the cVPP and the tVPP are different. The cVPP
will preferably select big consumers or generators with reliable flexibility provision, which in many cases
have a strong network connection and are not restricted to a dedicated network area inside Slovenia. While
the tVPP is required to deal with flexibility inside a given network area (the CBA assumed Elektro Ljubljana’s
distribution area) which may include smaller DER at the end of the feeders.
Furthermore, the cVPP requires DER, which show a full activation time (FAT) of max 12,5 min, while the
DSO can allow a longer FAT in the tVPP because of hourly execution of the MPOPF. Based on these facts it
was assumed, when combining both VPPs, the available flexibility for both purposes would stay the same
as in the separated cases and there would not be interaction between them.
For this reason, in this scenario, the benefits from both VPPs are directly added. This is a conservative
assumption as some DER connected to the tVPP pool might also qualify to contribute to mFRR provision.
As explained above, the benefits for the cVPP result in a fixed €116.5K/year, while the tVPP benefits are not
fixed and instead differ per year. The figure below shows the benefits of tVPP and cVPP individually and
combined.

Benefits tVPP, cVPP and combined
€ 350,000.00
€ 300,000.00
€ 250,000.00
€ 200,000.00
€ 150,000.00
€ 100,000.00
€ 50,000.00
€ 0.00

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
tVPP

cVPP

tVPP + cVPP

Figure 3-3: Benefits cVPP vs tVPP vs combined

3.2.3

Costs

CyberGRID provided the required items to implement the VPPs in the demo, along with their costs. These
costs are related only to asset cost, the payments to flexibility providers are not considered in this sub
section.
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The synergy between the tVPP and the cVPP is present at a cost level. Due to the similarity of both solutions,
they can share several of the assets, such as, communication requirements, licenses for the VPP (the
solution is the same for both) and its maintenance. The standalone cVPP demo used cyberGRID servers.
However, when combined with Elektro Ljubljana’s tVPP, the existing servers for the current tVPP were used,
with no additional cost. The RTUs are communication and control devices which each flexibility provider
needs to supply flexibility. For this reason, there is no cost synergy for these items.
The table below shows the costs of each scenario, split into the various components.
Table 3-8: Required assets and their costs for different scenario’s

No. Units
TOTAL
CAPEX/unit
Communication VPP - gm-hub (OPEX)

TOTAL
OPEX/unit/
year

cVPP

tVPP

tVPP
+
cVPP

€ 1K

€ 6K

1

1

1

€ 10K

€ 1,2K

1

0

1

€ 6K

€ 0.00

18

20

38

Traffic Light System (AIT), CAPEX+OPEX

€ 52K

€ 5,2K

1

0

0

VPP Hosting (servers, other hardware)

€ 10K

€ 5K

1

0

0

€ 5K

€ 10K

1

1

1

VPP Module to support TLS (OPEX)

€ 10K

€ 1,2K

1

1

1

VPP Operators (personnel)

€ 0.00

€ 5,5K

5

5

5

VPP Software License

€ 15K

€ 25K

1

1

1

cyberGRID servers

€ 10K

€ 5K

0

1

0

€ 10K

€ 6K

0

1

0

€ 12K

€ 5K

0

0

1

Cost for trading
Remote Terminal Unit (RTU)

VPP Maintenance

VPP Hosting (servers, other hardware) in
case of cVPP
VPP Hosting (servers, other hardware) in
case of tVPP + cVPP

Table 3-9: Asset cost overview tVPP, cVPP and combined scenario

InteGrid

Total CAPEX

Total OPEX

€

€/year

cVPP

€ 211K

€ 81.1K

tVPP

€ 171K

€ 80.7K

tVPP + cVPP

€ 333K

€ 82.9K
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3.2.4

CBA results

In each scenario (cVPP, tVPP and combined), the CBA was performed assuming a project period of 12 years.
In contrast to HLUC01, where a discount rate of 5% was used, HLUC12 assumed a discount rate of 15%. The
reasoning behind this is explained in chapter 2.3.1. The CBA results are shown in the table below.
Table 3-10: CBA results Slovenia HLUC12

CBA results Accumulated Accumulated
NPV
(€ 2020)
Costs
Benefits
cVPP
tVPP
cVPP + tVPP

€ 716.6K
€ 674.0K
€ 850.0K

€ 726.2K
€ 754.8K
€ 1.5M

€ 9.7K
€ 80.7K
€ 630.9K

The results for all VPP scenarios show a positive NPV. Through selling flexibility to the DSO, the tVPP could
earn up to €177.0K/year, taking into account €171.0K CAPEX and €80.7K/year OPEX, this is just enough to
make the investment economically viable within 12 years. The cVPP on the other hand has a benefit of
€9.7K/yearConsidering a €211K CAPEX and €81K/year OPEX. In the combined scenario, the benefits are the
sum of cVPP and tVPP. While the costs are higher, they are less than the sum of both HLUCs. As a result,
combining the cVPP and the tVPP leads to the highest NPV of €630.9K.

Sensitivity analysis: price of flexibility
In the Slovenian demo, both HLUCs are aimed at assessing the profitability of flexibility versus grid
investment reductions. In HLUC01, this is done from a DSO perspective, where flexibility is provided by the
tVPP. For the DSO, the benefit is the reduction in grid investments, while the costs are the payments to the
tVPP for the delivered flexibility. In HLUC12, the profitability of providing flexibility is assessed from the
VPP’s perspective. The benefit for the VPP is the payment from the DSO or TSO for the provided flexibility,
while the costs are associated with the provision of this flexibility, including hardware, software, monthly
fees, etc and payments to the flexibility providers. In HLUC12, the differentiation is made between the tVPP,
the cVPP and a scenario in which both VPPs are combined.
The most relevant link between the DSO and the tVPP is that in the CBA, the payments from the DSO to the
tVPP is seen as benefit for the tVPP, but as costs for the DSO. Increasing those payments will make the
results of HLUC01 less economically viable and the results for HLUC12 more economically viable. The
payments from the DSO to the tVPP depend on the amount of flexibility delivered (kWh) and the flexibility
price (€/kWh). In both HLUCs, the CBA flexibility price used is €0.20/kWh. To gain insights into the
distribution of benefits for the DSO and tVPP, a sensitivity analysis is performed across both HLUCs, by
taking the flexibility price as a parameter that is altered in the CBA analysis. The sensitivity and conclusions
are described in section 3.4.
HLUC01 used three scenarios of varying grid electrification levels: high, best estimate (mid) and low. For
HLUC12, three scenarios were used: tVPP, cVPP and a combination of both tVPP and cVPP. Combining the
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three scenarios for HLUC01 with the three scenarios from HLUC12 results in nine combination-scenarios.
However, the HLUC12 scenario in which only the cVPP was assessed is not relevant for this sensitivity, since
the cVPP is not related to the DSO. Therefore, six scenarios were assessed for the sensitivity, where the
three HLUC01 scenarios were considered for the tVPP and for the tVPP-cVPP combination. For each of these
scenarios the flexibility price paid by the DSO to the tVPP was taken as a sensitivity, to assess the following
data:
•
•
•

Default NPV (flex-price = €0.20/kWh) for both HLUC01 and HLUC12
The flex-price at which the VPP reaches break-even (HLUC12) and the corresponding NPV for the
DSO (HLUC01)
The flex-price at which the DSO breaks-even (HLUC01) and the corresponding NPV for the VPP
(HLUC12)

The table below shows the results.
Table 3-11: Sensitivity results tVPP

Sensitivity results (€ 2020)

Scenario 1

Scenario 2

Scenario 3

HLUC01 scenario
HLUC12 scenario
default NPV HLUC12 (VPP)
default NPV HLUC01 (DSO)

Low
tVPP
€ -157.8K
€ 4.1M

Best estimate
tVPP
€ 80.7K
€ 7.7M

High
tVPP
€ 225.K
€ 10.4M

Flex price at VPP break-even (€/kWh)

€ 0.26

€ 0.18

€ 0.15

DSO NPV (HLUC01) at VPP break-even

€ 4.0M

€ 7.9M

€ 10.6M

Flex price at DSO break-even (€/kWh)

€ 1.83

€ 2.24

€ 2.51

VPP NPV (HLUC12) at DSO break-even

€ 4.6M

€ 7.8M

€ 10.6M
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Table 3-12: Sensitivity results tVPP + cVPP

Sensitivity results (€ 2020)

Scenario 4

Scenario 5

Scenario 6

HLUC01 scenario
HLUC12 scenario
default NPV HLUC12 (VPP)
default NPV HLUC01 (DSO)

Low
tVPP + cVPP
€ 392.5K
€ 4.1M

Best estimate
tVPP + cVPP
€ 630.9K
€ 7.7M

High
tVPP + cVPP
€ 775.2K
€ 10.4M

Flex price at VPP break-even (€/kWh)

€ 0.05

€ 0.04

€ 0.03

DSO NPV (HLUC01) at VPP break-even

€ 4.6M

€ 8.4M

€ 11.1M

Flex price at DSO break-even (€/kWh)

€ 1.83

€ 2.24

€ 2.51

VPP NPV (HLUC12) at DSO break-even

€ 4.6M

€ 8.33M

€ 11.1M

As expected, at an increasing flex-price, the HLUC for the VPP becomes more economically viable, while the
HLUC for the DSO becomes less economically viable. The correlation between the flexibility price for all
three scenarios of HLUC01, tVPP only and the combined scenario of HLUC12, is displayed in below.

Effect of flexibility price on NPV of DSO and VPP for six scenario's
15.00

NPV (* €1,000,000)

10.00
5.00
0.00

HLUC01 - low scenario
HLUC01 - best estimate scenario
€ 0.00€ 0.50€ 1.00€ 1.50€ 2.00€ 2.50€ 3.00€ 3.50€ 4.00€ 4.50€ 5.00

HLUC01 - high scenario
HLUC12 - tVPP only

-5.00

HLUC12 - tVPP + cVPP

-10.00
-15.00

Flex price (€/kWh)
Figure 3-4: Sensitivity: the effect of the flexibility price on NPV

The green, yellow and blue lines correspond to the DSO perspective and the red and grey lines to the VPP
owner’s perspective. As can be seen, an increasing flex price will lead to an increase in the NPV for the VPPs,
but to a decrease in NPV for the DSO. The different slopes in the DSO-lines are caused by a difference in
acquired flexibility between the three DSO-scenarios. The analysis shows that if the network is challenged
enough (due to increasing demand or because of the integration of DER), there is a price for flexibility which
leads to a viable business case both for the DSO and for the VPP owner. The next table shows the price
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ranges that allow profitable outcome for both parties, the DSO and the VPP as per the scenarios described
above.
Table 3-13 Price range to grant both parties profitability

Prices to grant DSO and VPP profitability
Low Scenario
Mid Scenario
High Scenaro

Min price (€/kWh)
Max Price (€/kWh)
€ 0.26
€ 1.83
€ 0.05
€ 1.83
€ 0.18
€ 2.24
€ 0.04
€ 2.24
€ 0.15
€ 2.51
€ 0.03
€ 2.51

tVPP
tVPP+cVPP
tVPP
tVPP+cVPP
tVPP
tVPP+cVPP

Conclusions
As explained in chapter 3.3, a strong relation can be observed between both HLUCs: In HLUC01, the costs
and benefits of flexibility versus grid reinforcements are assessed from the DSO’s perspective; For HLUC12,
the costs and benefits are assessed from the VPP’s perspective. Therefore, in the Slovenian Demo, a
conclusion will be drawn for both HLUCs together, instead of separately, as is done in other demos.
Results show that acquiring flexibility to avoid grid investments is an economically viable solution for the
DSO, with very positive results. However, based on the payments from the DSO to the tVPP, offering this
flexibility is still a viable solution for the tVPP in the best-estimate and high-scenario, but results in a
negative NPV in the low-scenario. Selling flexibility as ancillary services to the TSO is an economically viable
solution for the cVPP. By combining both VPPs, costs synergies occur, thereby leading to a much higher NPV
than both VPPs independently.
It should be noted that the bid environment for ancillary services is favourable in Slovenia resulting in a
relatively higher profit for the cVPP in comparison to the expected results in other countries as the
regulation considers capacity payments for the mFRR services. This may affect the scalability and
replicability of the cVPP solution in countries without capacity payments for the mFRR. For this reason, the
income from the tVPP becomes less relevant as a bigger part of the revenues comes from the cVPP. In other
markets, the main income would come from the tVPP as there are no capacity payments for the mFRR.
As the CBA outcome is much more positive for the DSO than for the tVPP, a sensitivity analysis was
performed to assess the impact of the flexibility price that the DSO pays to the tVPP. Given the large
investment reduction that can be achieved, the DSO could pay a higher flex price to the VPP, without making
a loss. A higher flex price would be more reflective of the actual benefits that flexibility can provide and
thereby contribute to a more equal distribution of these benefits between the DSO and the VPP.
As seen in HLUC01 from Portugal and Slovenia, the size of the area in which flexibility is applied can have a
big impact on the results and should be considered in future demos. The bigger the area is, the costs that
do not depend on the size of the demo (assets and operational costs related to those assets – mainly all the
costs not linked to flexibility purchase) will reduce.
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Lastly, tVPP is a very attractive business for the DSO, which will have very high synergies with the flexibilitybased operation mode. The required initial investment would be minimal, while retaining the benefits of
the tVPP and the tVPP, in addition to the avoided investment necessary for the use of flexibility.
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4 Sweden
HLUC03: Perform condition diagnostics and
preventive maintenance planning of distribution
network assets
4.1.1

HLUC description & methodology

In this HLUC, a predictive maintenance (PM) tool has been implemented in several grid transformers in
Ellevio’s grid. The tool gathers the required asset information to create a PM plan to minimize failures and
maintenance costs, with the aim of reducing overall costs in comparison to conventional time-based
maintenance (TBM).
The demo, and the subsequent CBA, have been conducted for the Stockholm area. Ellevio, based on their
existing knowledge of the Stockholm grid, assessed the number of transformers in the area - a total of 2040
transformers. This total includes numerous different types of transformers, which for simplicity in this
analysis have been classified as either HV/MV and MV/LV transformers. The type of transformer directly
impacts the CBA savings achieved, since the maintenance needs and failure rates are different. For these
reasons, three different scenarios have been designed:
•
•
•

Scenario 1 – Deploying PM to all 2040 transformers
Scenario 2 – Deploying PM only to 40 High Voltage HV/MV transformers
Scenario 3 – Deploying PM only to 2000 MV/LV transformers

As the PM predicts the required maintenance depending on the transformer condition, the maintenance
cost depends on the condition of the transformer. To include this in the CBA, instead of including a large
variety of transformer conditions, the approach has been simplified by categorising transformer condition
into either good or bad. Good condition transformers usually can withstand a longer time between
maintenance while maintaining the time between failures, leading to less failures and maintenance, thus
lower costs. This approach has been agreed and validated with Ellevio, who have provided the proportion
of good condition and bad condition transformers for the Stockholm grid, as shown in Table 4-1.
Table 4-1: Division of good condition and bad condition transformers

Total number of transformers
Share of bad condition
transformers
Share of good condition
transformers
Number of bad condition
transformers
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HV/MV

MV/LV

40

2000

20%

30%

80%

70%

8

600
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Number of good condition
transformers

32

1400

As predictive maintenance is a long-term solution, its effect is only observable after several years, meaning
it is not possible to assess the outcome of its implementation in a fair way with just one year of demo data.
To address this, the different partners have provided their inputs based on their existing knowledge and
the obtained results from InteGrid during the one-year demo.
These values may not be the same as the final demo output. For this reason, while these values have been
used for the initial calculations, several sensitivity analyses have also been performed to assess a range of
input values to obtain a profitable solution.

4.1.2

Benefits

Benefit 1: reduced equipment maintenance costs
The PM tool assesses when and where maintenance work is required, based on continuous asset
monitoring. The maintenance is then performed following asset condition instead of periodic maintenance.
To quantify this benefit, TBM costs have been estimated and compared to scenarios where PM has been
applied. In both cases, the maintenance costs are calculated by multiplying the hourly cost of maintenance
by the required maintenance time, either due to periodic maintenance or repair time after a failure:
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑜𝑜 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

Ellevio have provided the hourly cost of their maintenance staff, 150€/hour. The maintenance time has
been calculated as follows:
𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
+
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑛𝑛 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

For the benefit calculation, it has been assumed during maintenance time the transformer remains shut
down instead of using other costly solutions such as using a mobile transformer (HV/MV) or a diesel
generator (MV/LV).
According to this formula, the maintenance time (and hence costs) can be reduced by either decreasing the
corrective/preventive maintenance time or increasing the mean time between maintenance or failures. The
PM would only address the time between failures and maintenance. Because of this, the maintenance and
repair times remain constant after the PM implementation.
The base CBA initial values have been discussed with Ellevio, who validated the figures based on their
observations from the demo and past grid experience. These values are shown in Table 4-2 and Table 4-3,
along with the resulting maintenance time.
For MV/LV transformers:

InteGrid

GA 731218

43 | 118

D7.4 - CBA Methodology and Results

Table 4-2: Calculations maintenance time MV/LV transformers

5

Predictive
maintenance
(bad condition
transformer)
5

12
8
890
0.64

12
5
400
1.03

Time-based
maintenance
Mean time to maintain (h)
Mean time to repair (h)
Mean time between maintenance (y)
Mean time between failures (y)
Maintenance time (h/y)

Predictive maintenance
(good condition
transformer)
5
12
8
1100
0.64

For HV/MV transformers:
Table 4-3: Calculations maintenance time HV/MV transformers
Time-based
maintenance

Predictive
maintenance (bad
condition
transformer)

Predictive maintenance
(good condition
transformer)

Mean time to maintain (h)

8

8

8

Mean time to repair (h)

24

24

24

Mean time between maintenance (y)

5

5

8

Mean time between failures (y)

500

200

575

Maintenance time (h/y)

1.65

1.72

1.04

In the CBA, the mean time to maintain and the mean time between maintenance, considers only
maintenance activities which require the transformer to be disconnected. This means that regular visual
inspections are carried out annually and other activities, such as oil level verification, leak or some electrical
measurements, would still be performed even after the PM deployment.
Based on these values, the hourly costs of maintenance (150€/hour) which consists of two people and the
vehicle the formulas mentioned above, the resulting maintenance costs and savings for the total fleet
considered in the CBA, are shown in the table below:
Table 4-4: Maintenance costs savings per transformer type

Transformers

Per transformer

InteGrid

Maintenance costs time-based
maintenance
(€/transformer/year)
Maintenance costs predictive
maintenance
(€/transformer/year)

GA 731218

Scenario 1 - All Scenario 2 transformers
only HV/MV

Scenario 3 only
MV/LV

2040

40

2000

€ 98.-

€ 247.-

€ 95.-

€ 114.-

€ 177.-

€ 113.-
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Total savings by reduced
maintenance
(€/transformer/year)
Maintenance costs time-based
maintenance
(€/transformer/year)
Maintenance costs predictive
maintenance
(€/transformer/year)
Total savings by reduced
maintenance
(€/transformer/year)

Total

-€ 16.-

€ 71.-

-€ 17.-

€ 200.7K

€ 9.9K

€ 190.8K

€ 233.3K

€ 7.1K

€ 226.2K

-€ 32.6K

€ 2.8K

-€ 35.4K

Benefit 2: Reduced interruption costs resulting from reduced transformer failure rate
The second benefit is associated with improved failure forecasting and assumes downtime is subsequently
reduced as predictive maintenance can help avoid or delay required maintenance. Interruption cost due to
transformer failure has been calculated as shown below:
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =

Where:
•
•
•
•
•
•

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 𝑇𝑇𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

CENS: Costs for Energy Not Supplied (€/kWh)
Users: Number of users per transformer
Consumption: Electricity consumption per consumer (kWh/consumer/year)
TUnavailability: Average time the transformer is unavailable (hours/year)

Transformers: Number of transformers
Hours: Hours per year (8760)

Ellevio provided the parameters used, as shown in Table 4-5.
Table 4-5: Parameters used for interruption cost calculations

Transformers
Users per transformer
Consumption
(kWh/user/year)
CENS (€/kWh)

HV/MV

MV/LV

40

2000

3,000

200

10,000

10,000

11.6

11.6

In the Stockholm area analysed for the CBA, there are a limited number of MV consumers; because of this
the consumption per consumer has been assumed the same for both MV/LV and HV/MV users. The uses in
the Stockholm grid includes residential, commercial, and some industrial consumers. For these reasons,
Ellevio have provided a representative consumption for all the users in the Stockholm grid, 10,000kWh per
year, per user.
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In the Swedish regulation, the average CML (Customer Minutes Lost) at secondary substation costs about
0,22 €/CML. Using the average consumption of 10,000kWh per year and the average CML of 90 minutes,
this results in an ENS of 1,7 kWh per customer. With the cost provided in the Swedish regulation this results
in a CENS of 11.6 €/kWh. This is a representative value of the Stockholm grid considered in this study.
Based on these numbers, the unavailability time and the number of hours per year (8760), the interruption
costs are as follows:
Table 4-6: Savings by reduced failure

Scenario 1 All
transformers

Scenario 2 only HV/MV

Scenario 3 only MV/LV

2040

40

2000

€ 2.9K

€ 65.5K

€ 1.7K

€ 2.9K

€ 46.8K

€ 2.0K

€ 60.-

€ 18.7K

-€ 313.-

Interruption costs Time based
maintenance (€/year)

€ 6.0M

€ 2.6M

€ 3.4M

Interruption costs predictive
maintenance (€/year)

€ 5.9M

€ 1.9M

€ 4.0M

Total savings by reduced
failure (€/year)

€ 122.8K

€ 747.8K

-€ 625.0K

Transformers

per
transformer

Total

Interruption costs Time based
maintenance
(€/transformer/year)
Interruption costs predictive
maintenance
(€/transformer/year)
Total savings by reduced
failure (€/transformer/year)

Total benefits
The table below shows an overview of the total benefits, based on the methods and calculations detailed
above:
Table 4-7: Total benefits

Transformers

Per transformer

InteGrid

Savings by reduced
transformer failure (€/year)
Savings by reduced
maintenance costs (€/year)
Total benefit

GA 731218

Scenario 1 - All Scenario 2 transformers
only HV/MV

Scenario 3 only MV/LV

2040

40

2000

€ 60,-

€ 18.7K

-€ 313-

-€ 16,-

€ 71,-

-€ 18,-

€ 44,-

€ 18.8K

-€ 330
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Savings by reduced
transformer failure (€/year)
Savings by reduced
maintenance costs (€/year)
Total benefit

Total

€ 122.8K

€ 747.8K

-€ 625.0K

-€ 32.6K

€ 2.8K

-€ 35.4K

€ 90.2K

€ 750.6K

-€ 660.4K

The results show the benefits from reduced failures are significantly higher compared to the benefits
resulting from reduced maintenance costs. This can be explained by the high CENS costs in Sweden.
Maintenance reductions are relatively low and even negative for MV/LV transformers (Scenario 3) and all
transformers together (Scenario 1). The total benefit when all transformers are considered (Scenario 1) is
over €103K/year.
Finally, Ellevio are still working with the current results attained from the demo and the value provided are
not final. Deliverable 5.4 will provide more accurate information from further CBA analysis.

4.1.3

Costs

Ellevio have provided the list of items required to implement the PM solution in the Stockholm area:
•
•

•

Installed Sensors to collect data from the transformer. The sensors cost €200.- each, and do not require
yearly OPEX maintenance.
The PM tool collects and processes the data to provide the required predictive management. The cost
of the PM tool is €300K CAPEX and it has been estimated to require €12,000/year as OPEX. The costs
of the tool are fixed and are not related to the number of transformers it is applied to.
Communications infrastructure: Ellevio already has the required PM communications assets which is
currently being used for other purposes. For this reason, it has not been considered in this CBA.

Based on these numbers, the total summary of CAPEX and OPEX is calculated and displayed in the table
below, for each scenario.
Table 4-8: Total costs

Scenario 1 - All Scenario 2 transformers
only HV/MV
Transformers
Per transformer

Total

InteGrid

Sensors (CAPEX)
PM-tool (CAPEX)
Total CAPEX
Total OPEX (PM-tool)
Sensors (CAPEX)
PM-tool (CAPEX)
Total CAPEX

€ 200.€ 147.€ 347.€ 6.€ 408 K
€ 300 K
€ 708 K

2040
€ 200.€ 7.5 K
€ 7.7 K
€ 300.€8K
€ 300 K
€ 308 K

Total OPEX (PM-tool)

€ 12 K

€ 12 K

GA 731218

Scenario 3 only MV/LV
40
€ 200.€ 150.€ 350.€ 6.€ 400 K
€ 300 K
€ 700 K
€ 12 K
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4.1.4

CBA results

The HLUC03 of the Swedish demo assumed a lifetime of 12 years and a 3% discount rate. In Scenario 1, the
benefits across all transformers amounted to €120K, resulting in a total discounted benefit of nearly 1.0M
over 12 years. During the same period, the total costs for all the transformers are over €800K, with €708K
CAPEX and €12K OPEX. As a result, the CBA is positive, with an NPV of nearly €148K over 12 years. However,
a big difference can be observed in the results of HV/MV transformers compared to MV/LV transformers;
as opposed to HV/MV transformers, in MV/LV transformers the costs for PM exceeds the costs for TBM,
leading to a negative NPV. More elaboration on this will be given in the sensitivity analysis and conclusion
below.
Table 4-9: CBA results Sweden HLUC03

CBA results (€ 2020)

Scenario 1 - All Scenario 2 transformers
only HV/MV

Scenario 3 only MV/LV

Number of transformers

2.040

40

2000

€ 411,-

€ 11.0K

€ 416,-

€ 484,-

€ 205.6K

-€ 3.6K

€ 73,-

€ 194.6K

-€ 4.0K

€ 839K

€ 439K

€ 831K

€ 988K

€ 8.2M

-€ 7.2M

€ 148K

€ 7.8M

-€ 8.1M

Per transformer

Total
discounted
costs
Total
discounted
benefits
NPV

Total

InteGrid

Total
discounted
costs
Total
discounted
benefits
NPV

GA 731218
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4.1.5

Sensitivity analysis

Sensitivity analysis was performed on this HLUC, as for MV/LV transformers both interruption and
maintenance costs were higher when using PM compared to TBM. This finding strongly affected the CBA
results, leading to a negative CBA. The calculation assumptions for interruption and maintenance costs are
based on highly uncertain parameters, this is because real-life transformer measurement would span the
lifetime of the transformer, which is not possible within the Integrid project. Therefore, this sensitivity
analysis tested multiple assumptions to assess their effect on the results, for both HV/MV and MV/LV
transformers. In total, seven parameters were considered, these are described below.
Division good/bad condition transformers
As explained in chapter 4.1.2, a division was made between good and bad condition transformers. A higher
share of bad transformers will increase the maintenance time and the number of failures. By default, the
share of bad transformers was 30% in the case of MV/LV and 20% in the HV/MV transformers. In the figure
below, the relationship between the share of bad transformers and the NPV is displayed.

Figure 4-1: Impact of the share of good/bad condition transformers on the NPV

As can be seen, a higher share of bad transformers has a significant negative effect on the NPV. However,
the results vary between the different types of transformers. In the case of MV/LV transformers, even with
100% good condition transformers, the NPV will still be negative. In the case of HV/MV, an increase from
20% bad transformers to 86% bad transformers will lead to a negative NPV.
Maintenance time
Maintenance time is determined by the mean time to maintain in case of a maintenance event, and the
mean time between maintenance, which are both considered as sensitivities. The benefit results from the
difference between TBM and PM. In the sensitivity analysis, only the values for TBM are taken into account,
the values for PM remain constant. Since the benefits result from the difference between TBM and PM, an
opposite change in the parameters on the PM-side will have the same effect. Below, the default values for
both parameters are presented as the results from the sensitivity.
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Table 4-10: Default parameters in the CBA

MV/LV
HV/MV

Mean time to maintain (hours)
Time between maintenance (years)
Mean time to maintain (hours)
Time between maintenance (years)

TBM

PM-bad
PM-good
condition condition

5
8
8
5

5
5
8
5

5
8
8
8

Figure 4-2: Impact of the mean time to maintain and between maintenance on the NPV

The results from the sensitivity show that an increase in mean time to maintain for TBM has a strong, linear
and positive effect on the NPV. This effect is stronger in the case of MV/LV than for HV/MV transformers.
In both cases, a slight increase in this assumption may change the results and conclusions from the CBA.
The same can be said for the mean time between maintenance in the TBM case, which has a negative effect
on the NPV. This effect, however, is non-linear. From both parameters, it can be concluded that a small
effect in maintenance time, either through mean time between maintenance or through mean time to
maintain, will have a strong effect on the results. Therefore, high reliability on the assumptions behind
these parameters is required to draw credible conclusions from this HLUC.
It has to be noted that due to the nature of the HLUC, the parameter that changes as a result of the
predictive maintenance capability is the time between maintenance. On the other side the maintenance
time will be less affected by the implementation of the predictive maintenance. In the end, with the
predictive maintenance you mainly advance or delay the maintenance works while the time of the
maintenance works is almost maintained as the works performed on the transformers are the same.
Hourly maintenance costs
The hourly maintenance cost affects the overall maintenance costs both in the case of TBM and PM and
therefore may influence the results. As can be seen in the figure below, the hourly maintenance cost has
an amplifying effect as it increases the difference between TBM and PM, both in case of a negative and a
positive difference. However, the effect of the hourly maintenance costs is small. Within reasonable hourly
fees, this parameter is unlikely to change the conclusion of this CBA.
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Figure 4-3 : Impact of the hourly maintenance cost on the NPV

Repair time
Similar to the maintenance time, the repair time depends on the mean time to repair and the mean time
between failures. For both parameters, values for TBM are considered as a sensitivity. As mentioned before,
the benefits are based on the difference between TBM and PM. This means an opposite change for the
parameters in the case of PM will have a similar effect as the effect described here. The default values are
presented below, as well as the results of the sensitivity for both parameters.
Table 4-11: Default values for repair time parameters used in the CBA

MV/LV
HV/MV

Mean time to repair (hours)
Time between failures (years)
Mean time to repair (hours)
Time between failures (years)

TBM

PM-bad
PM-good
condition condition

12
1078
24
500

12
400
24
200

12
1100
24
575

Figure 4-4: Effect of the mean time to repair and time between failures

Results from the sensitivity analysis show the mean time to repair for TBM has a positive but weak effect
on the NPV. The effect is linear with an equal gradient for MV/LV and HV/MV transformers. In both cases,
it is unlikely that a change in mean time to repair will affect the conclusion of this HLUC. On the other hand,
the mean time between failures has a more significant effect on the NPV. This effect is non-linear and seems
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to stabilize after a mean time between failures of 250 years in the TBM-case. From this, it can be concluded
that only when failures occur very often, PM can have a strong positive effect when decreasing the failure
frequency to the theoretical non-failure rate expected from such tool.
ENS price
Like the hourly maintenance costs, the ENS price has an amplifying effect on the results, as it increases the
difference between failure costs, between TBM and PM. The effect of the ENS price is stronger than the
effect of the hourly maintenance costs. However, a strong variation in ENS price is needed to affect the NPV
significantly.

Figure 4-5: ENS price effect on the NPV

Summarized sensitivity conclusions
The sensitivity analysis shows that a slight difference in some parameters strongly affects the CBA results
and conclusions. The strongest effects were observed on the maintenance time and the division between
good and bad transformers.
A slight variation in these two parameters leads to very different conclusions. The main reason why the
MV/LV transformer CBA results are negative is because, in the case of bad transformers, the time between
failures and maintenance is shorter than the case of PM than for TBM.
These findings, combined with the high uncertainty in the parameter assumptions, leads to the conclusion
that the CBA results are not very robust. This should be taken into account when drawing conclusions from
this HLUC, as described in chapter 4.1.6.

4.1.6

Conclusions

Results from the CBA show a positive NPV for HV/MV transformers, but a negative NPV for MV/LV
transformers. For MV/LV transformers, both maintenance costs and transformer failure costs were higher
in the PM-scenario than in the TBM scenario. Hence, the benefits for this type of transformer were negative.
This is the result from the fact that, based on data provided by Ellevio, both the maintenance time and the
unavailability time were increased by applying predictive maintenance. For HV/MV on the other hand, this
was not the case and significant benefits could be achieved.
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However, the sensitivity analysis shows that a slight increase in input parameters may strongly affect this
outcome, and the assumptions behind the calculations are highly uncertain. Therefore, more research is
needed before drawing conclusions from these CBA results. In the sensitivity analysis, the strongest effect
was shown in the case of maintenance time. Therefore, more reliable input concerning maintenance time
should be achieved.

HLUC04: application of an advanced fault location
system
4.2.1

HLUC description & methodology

For HLUC04, the advanced fault location system developed within InteGrid and an optimized repair system
have been implemented for several assets in the Swedish demo. The advanced fault location system is
composed of several sensors installed over 4 cables at secondary substations and 8 poles mounted for
overhead lines, which continuously sends data to the DMS. When an issue or failure is detected, the
optimized repair system is able to detect the fault location more accurately than traditional methods. This
system improves the traditional approach for fault location, which is typically based on a call centre and
visual inspections.
This new system brings two benefits. The first concerns the costs for Customer Minutes Lost (CML).
Improved fault location means the CML should be reduced as repairs can be implemented quicker and the
outage time reduced. The second benefit relates to crew expenses savings. The system removes the need
to manually locate a failure, a process which typically takes many hours, through an optimized fault location
and restoration process.

4.2.2

Benefits

Benefit 1: avoided Customer Minutes Lost (CML)
In Sweden, the grid performance KPIs are often differentiated between outages caused by storms and
outages caused for other reasons. The severe storms in Sweden that have an impact on the CML do not
occur every year, they are singular events that occur approximately every 10 years and are considered force
majeure events whose consequences cannot be avoided.
The KPIs recorded in the demo area from 2016 to 2019, 2019 being the year in which the advance fault
locator has been implemented, are shown in the next table. These KPIs are the typical parameters used to
assess the grid outage times:
•
•

InteGrid

System Average Interruption Frequency Index (SAIFI): Average number of interruptions
that a customer would experience.
System Average Interruption Duration Index (SAIDI): Average outage duration for each
customer served.

GA 731218

53 | 118

D7.4 - CBA Methodology and Results

•

Customer Average Interruption Duration Index (CAIDI): average outage duration that any
given customer would experience and its calculated dividing the SAIDI over the SAIFI.

Data with and without considering major events (storms) is given.
Table 4-12: Main KPIs from Sweden

SAIFI (h)

2016

2017

2018

2019

Including Major events

0.5

1.1

0.4

0.8

Without Major events

0.5

1.1

0.4

0.4

Including Major events

29.4

85.9

33.2

76.0

Without Major events

29.4

85.9

33.2

2.8

Including Major events

55.1

80.4

81.1

91.6

Without Major events

55.1

80.4

81.1

6.8

SAIDI (interruptions)

CAIDI (h)

2019 witnessed a major storm which severely affected the recorded results. As the objective is to compare
several years, the data used in the CBA excludes force majeure events.
After the exclusion of major events a noticeable reduce in the SAIDI can be observed for 2019. This is the
result of the advanced fault location and improved restoration system. Ellevio has calculated the cost of
these interruptions, based on the regulation in Sweden regarding CML which sets a value of 0.22€/CML,
the results are shown in Table 4-13.
Table 4-13: Avoided CML cost in the last for years

CML Cost

2016

2017

2018

2019

Including Major events

23.79 k€

69.56 k€

28.29 k€

64.77 k€

Without Major events

23.79 k€

69.56 k€

28.29 k€

2.34 k€

Averaging the data for the period recorded prior to InteGrid yields the benefit estimation that has been
used in the CBA:
Table 4-14: InteGrid improvement in avoided CML cost

Value
Historical CML (2016-2018)
InteGrid CML (2019)
Benefit by InteGrid by Avoided CML

40.5 k€
2.3 k€
38.2 k€

Benefit 2: Crew savings due to better restoration process
From the demo results, Ellevio has also observed an average reduction in the restoration time of 32 minutes
per outage. With the hourly cost of the maintenance staff at Ellevio (150.- €/hour), the savings per year can
be calculated. In this case, this 32-minute reduction per outage has been applied to the previous years in
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order to use more data. This extrapolation is possible since the number of outages is not reduced by this
InteGrid solution, only its detection and restoration time. The savings obtained are shown in Table 4-15:
Table 4-15: Savings due to reduced repairment plan (improvements observed in 2019 applied to 2016-2019)

2016

2017

2018

2019 Average

Including Major events

480 €

960 €

400 €

640 €

620 €

Without Major events

480 €

960 €

400 €

320 €

540 €

Benefit overview
Summing the three benefits leads to a total benefit of over €39K per year, as shown in the table below.
Table 4-16: Total benefits

Benefit (€/year)
CML avoided

38.2 k€

Crew savings due to better restoration
540 €
process
Total benefits
38.7 k€

4.2.3

Costs

According to Ellevio, in implementing this solution into Integrid, only the fault detectors have been needed.
The cost of each detector is €3,000 – and do not require any OPEX for yearly maintenance. In the same way
as HLUC03, the communication system needed for the solution was already in place, so no additional cost
has been assigned. Lastly, Ellevio had to adapt the SCADA to read and process the information sent by the
fault detectors. However, as this is a scalable cost, it gets diluted when applying the solution to only 12
lines.
Table 4-17: Total costs

4.2.4

Unit

Units

CAPEX/unit (€)

Total CAPEX (€)

Fault detectors
Total

12

3 k€

36 k€
36 k€

CBA results

In conclusion, the CBA results for this HLUC are positive; with an NPV of €388K over a 12-year period. Since
there is no OPEX, the total discounted costs are equal to the CAPEX, €36K million paid in the first year. The
total discounted benefits are over €400K, in 12 years. These benefits are mainly caused by avoided CML.
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Table 4-18: CBA results Sweden HLUC04

CBA results (€ 2020)

Value

Total discounted costs
Total discounted benefits
NPV

€ 36.0K
€ 424.4K
€ 388.4K

4.2.5

Conclusion

The HLUC results show the benefits of applying the fault detection system exceed the costs, leading to a
positive CBA result. The costs are low, only 12 fault detectors would need to be purchased with a total
CAPEX of €36K. On the other hand, €38.7K benefits can be achieved per year, mainly coming from avoided
CML. Based on these results, it can be concluded that applying a fault detector system is a profitable, viable
solution.
Other benefits are not considered in this CBA, because this CBA considers only the DSO perspective.
However, the implementation of the fault location tool would also bring benefits to customers as outage
times would be reduced, leading to less time without electrical supply.

HLUC09: Home Energy Management
4.3.1

HLUC description & methodology

For this HLUC, a home energy management system (HEMS) called Active House has been implemented in
several households in the Swedish demo. Active House undertakes automated energy management at the
residential consumer premises to maximize energy efficiency, leading to a reduction in household energy
bills, as well as a wider social benefit, specifically a reduction in carbon emissions.
The data proposed by KTH has been gathered based on [10]. Newly built households of an area called Royal
Seaport in Stockholm were equipped with the Active House to prove their effectiveness. Additionally,
another set of houses were considered as a control group to act as a reference for the impacts of Active
House.
In order to characterize the operation of the Active House based on the type of household, three types of
household have been considered:
•
•
•

Single apartments
2-member apartments
Family apartments

Based on the household type, the achieved bill savings will be different as the total consumption and
appliances uses are different.
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Initially, 154 households were involved in the test, but accurate data was only gathered for 133. The
breakdown by household is shown in Table 4-19:
Table 4-19: Number of apartments with AH per type

Type of apartment
Single person apartments
2-member apartments
Family apartments

# of apartments
43
46
44

The partners have provided the benefit and cost data based on demo results, and previous experience
extracted from published articles.

4.3.2

Benefits

For this HLUC, two benefits are considered: electricity consumption reduction and CO2 emission reduction.
However, CO2 emission reduction is not considered as a monetized benefit in the CBA calculations for two
reasons; firstly, the CO2 emission reduction is a direct result from the reduced electricity consumption.
Under the assumption that the social costs of CO2 emissions are reflected in the electricity price that the
end-consumer pays, considering CO2 emission reduction in the CBA as a monetized benefit would be double
counting. Second, CO2 emission reduction is a social benefit and does not lead to direct financial benefits.
Indirectly monetizing it by assessing the societal impact of the reduction is considered out of scope for this
CBA. However, the CO2 emission reductions are relevant information and are therefore displayed in the
results and conclusions as Mton CO2 saved.
The reduced electricity costs can be calculated by multiplying the electricity reduction with the electricity
price and then adding it up across all households and household types. The electricity savings were provided
by KTH, sourced from the Swedish demo and previous Active House tests as described in [10].
To quantify the savings, KTH suggested flat tariff of 0.15€/kWh to assess the benefits. Although the actual
tariffs in Sweden are not flat, due to the lack of resolution of the savings per household, a flat price of
0.15€/kWh is considered an adequate approach and offers a conservative perspective; this means that
potential benefits could be higher.
Based on the average consumption of the control groups and the average savings per household type from
[10], the savings in energy metrics and economic metrics (after applying the abovementioned tariff) are
summarized in Table 4-20.
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Table 4-20: Energy and bill savings per apartment type with Active House

Single
apartment
Number of households
Average household
consumption
(kWh/year)
Electricity savings (%)
Electricity savings
(kWh/household/year)
Electricity savings
(€/household/year)

2 member
apartment

Family apartment
(adults + children)

Total/average
133

43

46

44

2000

2300

2900

319.4K

16,2%

11,5%

5,2%

11%

324

265

150

32.K

€ 49.-

€ 40.-

€ 23.-

€ 4.9K

As it can be seen, the total savings achieved by all 133 households together is €4.9K/year. The savings for a
single member apartment are higher than the savings for the other types of apartments. According to the
trial experience by KTH, this is because the total smart appliances are the same for all house types but the
energy management of a house occupied by a single person is easier to manage compared to a house
occupied by 2-4 people as the application activations for larger person households (such as hot water use,
number of washing machines uses…) are higher and more dispersed throughout the day, and therefore
harder to optimize. For this reason, the family apartment shows a significantly lower reduction potential.
The CO2 emission reductions can be calculated by multiplying the electricity savings (kWh) with the CO2
emission factor. KTH has suggested to use 0.038t/MWh as the emission factor for the generation mix in
Sweden, provided by the Swedish Energy Agency [11]. This value is coherent with the data from the Energy
International Agency [12]. The resulting CO2 emission reductions are displayed in Table 4-21:
Table 4-21: CO2 emission reductions

Single
2 member
apartment apartment
Number of households
Electricity savings
(kWh/household/year)
CO2 emission reduction
(kg/household/year)

4.3.3

Family apartment
(adults + children)

Total

43

46

44

133

324.0

264.5

150.8

32,734

12.3

10.1

5.7

1,244

Costs

Active House is a commercial product developed by Fortum, a Finnish company who is also the owner of
Ellevio. Based on the trial, KTH has provided information about the implementation cost of Active House.
As it is a private development, the price breakdown is not publicly available. The Active House solution
includes technologies such as insulation improvement or building temperature management. As all these
concepts help to optimize the energy requirements, the CBA considers the full cost of the Active House. In
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addition, the appliances of the house need to be upgraded in order to be compatible with the Active House.
This upgrade is called “smart white goods” and has a one-time price of €200,-. A summary of the costs for
both the Active house itself as well as the smart white goods is shown in Table 4-22. These costs are equal
for all types of apartments in the Swedish demo.
Table 4-22: Total costs

CAPEX
Parameter
Active house
Smart white goods
Total

4.3.4

Number
of units
133
133

OPEX

Total
CAPEX/Unit
€ 100,€ 200,-

Total CAPEX

Total OPEX/Unit

Total OPEX

€ 13.3K
€ 26.6K
€ 39.9K

€ 6,€ 0,-

€ 798,€ 0,00
€ 798,-

CBA results

This HLUC adopted a discount rate of 3% (as explained in chapter 2.3.1) and a lifetime of 10 years. The CBA
is executed per apartment for all three apartment types and for the sum of all the apartments together.
The CBA results are shown in the table below and are based on the summed and discounted costs and the
benefits as described previously:
Table 4-23: CBA results Sweden HLUC09

CBA results (€ 2020)

Per single
apartment

Per 2-member
apartment

Per family
apartment

Total

Number of households
Total discounted costs
Total discounted benefits
NPV

43
€ 357,€ 463,€ 106,-

46
€ 357,€ 378,€ 21,-

44
€ 357,€ 216,-€ 142,-

133
€ 47.5K
€ 46.8K
-€ 711,-

The results show when summing all households, the total discounted benefits are almost equal to, but
slightly lower than, the total discounted costs, leading to a negative NPV. However, when looking at the
results per household, a big difference can be seen between the three apartment types. Although the costs
for all three apartments are equal, the achievable benefits for single apartments in more than twice as high
as the potential benefits for family apartments. As a result, a positive NPV can be achieved for single
apartments and 2-member apartments, but the benefits in family apartments are not sufficient to cover
the costs, leading to a negative NPV.

4.3.5

Conclusion

Results of this HLUC show the implementation of Active house is an economically viable solution for single
apartments and 2-member apartments, but not for family apartments. The reason for this is that the
benefits for family apartments are much lower compared to the other two apartment types. This is due to
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energy management being harder to realise in a family apartment than in a single or 2-member apartments,
since the appliance activations (such as hot water use, number of washing machines uses…) are higher and
more dispersed throughout the day and therefore harder to optimize. For this reason, the family apartment
shows a significantly lower reduction potential and hence a negative NPV. Based on this, it can be concluded
that, when implementing a solution like Active house, the focus should be on single apartments first, since
the energy consumption is easier to manage and there is a greater value potential.

HLUC11: Engage Consumers in Demand Side
Management Programs
4.4.1

HLUC description & methodology

For this HLUC, a social network called LocalLife has been implemented. LocalLife advises its users with
household energy management recommendations with the aim of encouraging efficient energy use and
reducing household energy bills, in addition to providing wider societal benefits through a reduction in
carbon emissions.
In this CBA, the data used has been collected from the demo by the partners, mainly KTH. The demo has
been applied to a set of student apartments in the university. LocalLife was provided to 55 different student
apartments occupied by a single person. Additionally, 99 other apartments that did not use LocalLife were
monitored and acted as a reference to calculate the energy savings brought by LocalLife.

4.4.2

Benefits

Like in HLUC09, the main benefit from this HLUC is the reduction in electricity bill. The demo findings show
the consumption for student apartments using LocalLife were, on average, 5% lower than apartments not
using the technology. The average consumption of these type of apartments is around 1,000kWh. However,
in the regular Swedish household the energy consumption reaches around 4,000kWh. According to KTH,
this 5% observed in the student houses can be extrapolated to regular households. The student apartments
have been considered as single person apartment for comparative purposes with HLUC09. Lastly, the same
flat price used in 4.3, is used in this HLUC in order to homogenise and obtain comparable results. The
summary results of the savings are shown in Table 4-24. As can be seen, total yearly savings of €30,/household can be achieved, resulting in a total of €1650,-/year benefit for this HLUC.
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Table 4-24: LocalLife savings

Per apartment
Number of households
Average household Econsumption (kWh)
Electricity savings (%)
Electricity savings (kWh/year)
Electricity savings (€/year)

Total

55
4,000

220,000

5.0%
200
€ 30,-

11.000
€ 1.6K

Similar to HLUC09, the CO2 benefits are not monetized and therefore do not affect the CBA results, but are
calculated to provide insights. The CO2 reduction is calculated using the same CO2 emission factor as in
HLUC09, resulting in an emissions reduction of 7.6 kg CO2 per year, or 418 kg CO2 emission for the total of
55 households.
Table 4-25: Calculations benefits

Number of households
Electricity savings
(kWh/household/year)
CO2 emission reduction
(kg/household/year)

4.4.3

Per apartment

Total

55

55

200

11,000

7.6

418

Costs

KTH has provided cost information for the different required items to implement LocalLife in the demo:
-

-

LocalLife, the app: Smartphone app that provides feedback to the customer based on real
forecast data and actual household configurations. The customer would have to pay a
subscription of €15 per year to use it.
E-greement: Contract that needs to be signed by the customer that allows data to be shared with
the DSO (Ellevio, in this case). The consumer needs to pay a fee to the DSO for sharing the
recorded consumption data with the App. It is expected that when the Swedish grid market hub is
released, the e-greement will not be needed anymore as it will be one of its functionalities.
However, this will likely bring other costs to the customers. Although the e-greement was not
required in the demo for the students, since the collected data was not treated by the DSO, it is
expected that the e-greement is required for the commercial exploitation and will require a onetime payment of €20 for the contract signature and data communication setup. An overview of
the costs for this HLUC is provided in Table 4-26:
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Table 4-26: Total costs of LocalLife implementation

4.4.4

Solution

Number of units Total OPEX/Unit Total OPEX

LocalLife
Egreement
Total

56
56
56

€ 15.€ 2.€17,-

€ 825.€ 110.€ 935.-

CBA results

Like in HLUC09, a discount rate of 3% was adopted and a lifetime of 10 years. Per household, a discounted
benefit of €286,- over 10 years can be earned, against €162,- discounted costs. Since the benefits exceed
the costs, a positive NPV of €124,- per household can be achieved. The results of the CBA are shown in the
table below:
Table 4-27: CBA results Sweden HLUC11

4.4.5

CBA results (€ 2020)

Per household

Total

Total discounted costs
Total discounted benefits
NPV

€162,€286,€124,-

€ 8.9K
€ 15.7K
€ 6.8K

Conclusion

The results of this HLUC show a positive NPV; the achieved electricity savings resulting from implementing
the HEMS outweigh the costs. Based on these results, LocalLife and E-greement seem economically viable
solutions. However, the costs considered in this HLUC only include the costs for LocalLife and E-greement.
Costs for project development are not considered. With a positive NPV of €124,- per household after 10
years, little margin is left for this kind of costs. Therefore, this solution only works when these kinds of costs
are kept low, and/or a large number of households participates, leading to economies of scale.
When compared with the results of HLUC09, which results in a negative NPV, both costs and benefits are
lower in HLUC11. The total discounted costs per household in HLUC11 are 45% of the total discounted costs
per household in HLUC09, while the total discounted benefits per household in HLUC11 were 81% of the
benefits of HLUC09. Overall, it can be concluded that HLUC11 is a more cost-effective solution than HLUC09.
This difference in costs can be explained by the fact that LocalLife and E-greement (HLUC11) concern
behavioural change, while Active house (HLUC09) concerns smart grid appliances. For smart grid appliances,
hardware (e.g. smart washing machines, dishwashers, controlling equipment) needs to be acquired or
upgraded to smart appliances, resulting in high costs. In contrast, no expensive hardware is needed to
achieve behavioural changes, hence the lower costs. In HLUC11, only single apartments were considered,
therefore, the demo did not gain any information about the distinction between household types.
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A consideration that needs to be made is that the values used as input for the CBA have been estimated as
the demos have not finished yet. As the results depend on human behaviour, they still require further
validation.
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5 Portugal
HLUC01: Operational planning of MV distribution
network to pre-book available flexibility
5.1.1

HLUC description & methodology

In the last few years there has been an increase in the renewable generation and that is expected to
continue in the next years. To accommodate these changes without constraint violations, investment in
grid capacity is required, or the flexibility available in the grid needs to be exploited.
For this HLUC, the DSO is enabled to buy flexibility from a technical Virtual Power Plant (tVPP) to manage
and operate its grid. The tVPP collects the flexibility offers from the providers so the DSO can use it to avoid
constraint violations in the grid. The exploitation of flexibility-based actions allows the DSO to avoid or defer
investments that would otherwise have had to occur to properly manage the grid without constraints and
accommodate the load and renewable generation increase which are forecasted for the next few years.
This CBA aims to assess the economic benefits that the deployment of flexibility can bring as an alternative
to traditional grid reinforcement. Following this approach, the CBA considers the following elements:
1) Benefits: without Integrid, grid capacity would need to be increased in order to manage the
increase in renewable generation and demand. With InteGrid, these costs could be deferred,
generating a saving for the DSO which is considered the benefit in this CBA.
2) Costs: to implement the InteGrid solution, the DSO would have to invest in the assets required to
support the flexibility exploitation in addition to having to purchase the flexibility from the tVPP.
In this case the CBA has been applied to the demo area of Mafra, a region in Portugal connected to the grid
through 4 HV/MV transformers.
The evolution of the grid load and connected generators will be progressive, so it is not possible to assess
this only based on demo results. For this reason, simulations have been undertaken to assess the grid
evolution and its behaviour. Simulations have been used both to assess the avoided/deferred investments
and the flexibility needs of the InteGrid solution for Mafra. The simulations show that constraint problems
are likely to only occur in the last two years, 2025 – 2026. Therefore, this period is the period for which the
CBA is performed. The investment can be avoided for the period January 2025 - December 2026, and costs
only apply for this period as well. Since the project period is 2020-2026, costs and benefits are discounted
to the base-year of 2020.
The actual Mafra grid model has been used for the simulations which has been provided by EDP, based on
the real grid configuration which is shown in Figure 5-1
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Figure 5-1: Scheme of Mafra grid model

As mentioned above, the grid conditions are expected to change in the coming years, the main changes
relating to the connection of new RES (essentially PV power plants) alongside demand growth. The
evolution of the actual grid over the years, has been calculated based on forecasts performed by EDPD
specifically for the Mafra region, conducted by their planning department. EDPD has these forecasts
available until 2026, and consequently the CBA has been adapted to this period. The evolution of the grid
until 2026 has been estimated using the following assumptions:
-

Load growth: EDP has provided its estimation for load growth in Mafra. This estimation consists of
the total yearly consumption of the Mafra region.
Table 5-1: Mafra consumption estimation
Mafra

2025

2026

Consumption (GWh)

272.11

275.91

1.0%

1.4%

Relative increase

Additionally, EDP provided the 2018 hourly consumption profile for the different customers in the
grid. With this information it was possible to calculate (for the time horizon 2020-2026):
o Each day’s contribution to the total year consumption, by multiplying the total annual
consumption provided in Table 5-1 with the same day’s contribution share in 2018.
o Daily consumption for each customer type, by multiplying the total daily consumption
calculated in the above step by the share of each load to the daily consumption in 2018
o The hourly load profiles, by multiplying the daily consumption of each specific load
calculated in the above step by the contribution of each hour to the daily consumption in
2018
Lastly, reactive power was calculated based on an average power factor, obtained from the 2018
consumption data.
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-

Renewable generation: according to EDPD’s forecast wind generation is not expected to increase
in the region, therefore only PV growth has been considered. The Mafra region currently has two
outstanding requests to install PV plants. Considering typical construction time of these plants, they
have been considered to start operation in 2021. For the future growth of PV generation, it has
been considered a progressive increase up to a 150% of the initial capacity between the years 2021
and 2026. The yearly capacity of each plant is shown for the CBA-period of 2025 and 2026 in Table
5-2:
Table 5-2: Estimated PV generation in Mafra

-

-

PV1 (MVA)

PV2 (MVA)

2025

5.46

2.94

2026

5.85

3.15

In addition to the PV plants, three windfarms and a biomass plant which are currently operational
have been considered as flexibility providers in the model. Generators can provide either
downward flexibility, essentially curtailing their generation, or upward flexibility, which means to
increase their generation.
Flexible consumers: from the initial pool providers of the demo, some of them faced some technical
problems (due to the low amount of flexibility provided or due to their location in the grid). This
required that additional flexibility providers, not previously enrolled in the demo, were considered
in the simulations. This approach is considered adequate as it is expected as the InteGrid solution
implementation progresses, more customers will decide to enrol into the tVPP, especially when
real payments start. In the simulations, 5 providers of load increase and 4 providers of load
decrease have been considered.
Flexible consumers can also provide flexibility in both directions, downwards flexibility would
involve an increase in their loads and upwards flexibility would involve a load shedding.
The simulations also considered that DSO assets can participate in the flexibility provision. The
assets are tap changers of the transformers and capacitor banks.

This summarizes the scenario for the simulations. For the traditional reinforcement of the grid and the
estimation of the investments that the grid needs to be able to accommodate both load increases and
higher levels of renewable generation, EDPD has performed the simulations using their tool DPLAN
(produced by AmberTree). Meanwhile, the Integrid solution relies on simulations performed by INESC
TEC, which uses the grid management tools developed for the project to exploit the available flexibility,
to quantify the flexibility needed to avoid constraints in the grid, minimizing its cost. The simulations
and the results are detailed in the next sections.

5.1.2

Benefits of the InteGrid solution

As explained above, the main benefit that the InteGrid solution would bring is the deferral of investments
for two years. Other benefits can be expected from a solution of this kind, such as loss reduction and ENS
reduction. However, in this CBA, only the benefit associated to investment deferral are assessed. These
investments are mainly related to assets needed to increase the grid capacity at certain lines/feeders to
evacuate RES generation or to supply the consumers that have increased their load. As explained in the
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previous section, EDPD has used the tool DPLAN to estimate the cost of these assets, which is their inhouse
grid planning tool, used for their grid investment planning. The grid model detailed in 5.1.1 has been fed in
the tool, which has subsequently calculated the required grid reinforcements needed to avoid grid
constraint violations until 2026. The results given are shown in Table 5-3.
Table 5-3: Costs traditional grid management

Investment
(€ 2020)
Cable replacement due to PV plant
MV underground cable (1xLXHIOZ1(be)2040)
MV underground cable (1xLXHIOZ1(be)2040)
Other
New circuit to Windfarm
HV Substation - MV feed 10/15 kV
SPCC
MV Overhead line (2xAA160)
MV Overhead line (End of line tower)
Cable replacement due to load increase
MV Overhead line (1xAA160
Initial investment

€ 78.6K
€ 52.3K
€ 12.1K
€ 14.2K
€ 309.1K
€ 39.5K
€ 14.6K
€ 242.4K
€ 12.6K
€ 75.3K
€ 75.3K
€ 463K

In the baseline, without implementing flexibility, the resulting €463K of investments must be done in
January 2025, with a discount rate of 5%, the 2020 value of this investment would be €380.9K. In the
scenario in which flexibility is implemented, the same investments need to be done in December 2026,
leading to a 2020 reference value of €345.5K. Based on this, the investment deferral for two years lead to
a benefit of €35.4K. These numbers are displayed in the table below.
Table 5-4: Benefit calculations

Benefit calculations (€ 2020)
Investment year-one (baseline)
Discount rate
Investment value in January 2025
Investment value In December 2026
Total discounted benefit

5.1.3

€ 463.0K
5%
€ 380.9K
€ 345.5K
€ 35.4K

Costs of the InteGrid solution

The predictive management of the MV grid requires two different concepts of costs. The first one is related
to the assets (software and hardware) required to enable the use of flexibility to manage the grid and the
second one consists on the cost of purchasing the flexibility to the providers.
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Asset costs have been divided into CAPEX and OPEX. For the tools developed for InteGrid, only the
development costs have been considered. The following observations apply:
-

For some non-commercial partners, it was not possible to provide a commercial price of their tools.
Due to confidentiality, some of the partners could not share the commercial price of the provided
tools.
The CBA is to be applied to the InteGrid demo, i.e. reflecting that the costs that the demo has
incurred are only the development costs within the InteGrid context.

For these reasons, the cost of the main software tools are the costs associated with their development
within InteGrid. These tools are:
-

Multi Period Optimal Power Flow
Load Forecasting Service
RES Forecasting Service
MV Load Allocation
Data Lake
Advanced Distribution Management System (ADMS)
GM-hub

However, in the commercial solution, most of these tools will be included within the ADMS. This is the case
of the Multi Period Optimal Power Flow, the Load Forecasting Service, the RES Forecasting Service and MV
Load Allocator. For this reason, the cost of these tools has not been explicitly considered in the CBA. A brief
description of these tools can be found in chapter 3.1.3.
The ADMS cost has been provided by GE. GE owns the product and already commercializes it in the market.
GE has estimated the cost of the ADMS adapted to all the demos in Portugal (Mafra – 400 MV customers,
Valverde and Alcochete – 1100 LV customers). Additionally, the provided cost considers only the modules
that are required for the InteGrid solution. As GE has provided information regarding the costs of the ADMS
for all the InteGrid project, including HLUC02, the cost has been split equally among the three demos, as
per GE’s suggestion. The final costs are shown in Table 5-5.
The other cost item in the solution is the Data Lake, this in an existing tool owned by EDPD which is used
for communication and information sharing between their tools. As it is a tool already being used by EDPD,
only the cost needed to adapt it to InteGrid has been considered, this cost consists of new hardware,
implementation and the maintenance. Again, the cost has been split between the three Portugal demos, as
the costs have been provided as a total for the InteGrid project.
On the other side, several hardware investments are required to host these tools, such as severs and
computers. EDPD have provided the cost of these tools to Integrid. Some of these costs have been split into
several demos, since they have also been used in HLUC02. These costs are already included in the different
items listed in Table 5-5.
Lastly, the gm-hub is a platform that is used as a market that manages the communications between the
DSO and the tVPPs, or other flexibility providers. The tVPPs upload the offers to the gm-hub where the DSO
can collect them and communicate to the tVPP the accepted ones. As it is considered an independent
business model, the total cost provided by their developers, SAP, has been considered. As the gm-hub will
have other functionalities such as acting as a data hub for the users and it can also be applied to a much

InteGrid

GA 731218

68 | 118

D7.4 - CBA Methodology and Results

broader area than Mafra, it has been decided not to consider CAPEX costs. Regarding the OPEX costs, which
are mainly related to the use of SAP servers as cloud services for storing data and communications, the cost
provided by SAP was dimensioned to the demo size. For this reason, it is not possible to escalate the value,
but it can be reduced given that it will serve other functionalities. In accordance with this, only 20% of the
cost has been considered.
Since the period for which costs and benefits apply is 2025-2026, the CAPEX is spent in 2025, and the OPEX
is applicable for 2025 and 2026. The relevant costs are displayed in the table below.
Table 5-5: Costs InteGrid solution

CAPEX

Cost
Data Lake
Advance Distribution Management System
GM-hub
Total

€17,9K
€30.8K
€0.€48.7K

OPEX
€7,2K
€6.2K
€1.6K
€15.0K

On the other hand, the DSO has to pay for the flexibility that it deploys. The amount of flexibility needed
has been obtained through simulations performed by INESC TEC. As INESC TEC has developed the tool
MPOPF used in the demo, they can also run the tool in a simulated environment allowing estimations about
future flexibility requirements. This tool works as a decision-support service that provides to the network
operator predictive plans for N-hours ahead, with suggested control-actions that would avoid the arising of
technical problems in the distribution grids through flexibility exploitation.
Before delving into the results, the different types of flexibility are described for clarity:
-

-

Negative/Downward flexibility
o From generators: curtailment
o From loads: load increase
Positive/Upward flexibility
o From generators: generation increase. This applies mainly to controllable generation.
o From loads: load reduce or load shedding

To characterize the yearly flexibility needs, the following steps have been taken:
-

Characterizing the most demanding days for each year (2025-2026), in terms of flexibility:
o Highest generation day: summer day in which the PV generation is high and can cause
overloads associated with feeders and overvoltage associated with buses. The threshold
considered for the overvoltage is ±10% as per the current European regulation. This day
would represent the day of the year that will need more flexibility to manage the arising
technical problems caused by RES increase.
The simulation yielded that the problems that would arise for this day are overloads at
some of the generation evacuation feeders. These issues were solved using flexibility from
the generators (that curtailed their generation) or flexibility from the loads (that increased
their loads). As an example, the required flexibility for the year 2026 is shown in Figure 5-2.

InteGrid

GA 731218

69 | 118

D7.4 - CBA Methodology and Results

Figure 5-2: Flexibility requirements for the highest generation day in Mafra (in MW)

As expected, the load increase requirements are very low while the main flexibility source
would come from RES generation reduction.
o

Highest demand day: winter day in which the load is at the maximum, such circumstances
can cause feeder overloads. This day would represent the day of the year that more
flexibility is required to manage the arising technical problems caused by load growth.
The problems which arose for this day were overloads at some of the load feeders. These
issues were solved using negative flexibility to decrease the loads. As an example, the
required flexibility for the year 2026 is shown in Figure 5-2.
Figure 5-3: Flexibility requirements for the highest load day in Mafra (in MW)

As expected, no generation curtailment is needed, while some loads have been shed.
The annualised flexibility required for each of these days, as obtained from the simulations, is shown in
Table 5-6.
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Table 5-6: Flexibility simulation results

Highest Generation Day
Highest Load Day

2025

2026

-0.1

-0.1

-14.5

-17.6

Load Flexibility (MWh)

0.5

0.7

Generation Flexibility (MWh)

0.0

0.0

Load Flexibility (MWh)
Generation Flexibility (MWh)

The simulations try to minimize the cost of flexibility whilst allowing a secure operation of the grid during
the relevant days. One of the inputs for this optimization is the price of the flexibility. For the flexibility
prices used in the simulations, several discussions have been held with CyberGRID, which provided the
following assumptions:
-

-

Flexibility from generation:
o Downward flexibility: in order to be attractive for the generators, the price of the
downward flexibility should be at least equal to the price they receive for their generation
(day-ahead market price) price. The value used for this type flexibility has been the average
of the day ahead market price in Portugal during 2014-2018, which is a value of
49.52€/MWh.
o Upwards flexibility from generators has not been required in the CBA.
Flexibility from loads:
o Upwards flexibility (load decrease): if the provided flexibility implies a loss of production
for the provider, the price could be very high (between 200-1000€/MWh, depending on
the industry) to make up for this production loss.
However, if the flexibility is actually provided it will not have such a negative impact on the
provider business, i.e. when the load can be shifted to another time frame. This last type
of providers are the ones selected by the MPOPF in the economic optimization and a price
of 74.28€/MWh has been considered as the starting value. Sensitivity analysis has been
performed in later sections.
o Downwards flexibility (load increase): since the impact of this flexibility on the providers is
not as negative, the price would only have to be higher than the price they are paying for
the energy. For this reason, a price of 54.47€/MWh has been considered.

The flexibility prices are considered in the sensitivity analysis in chapter 5.1.5 to show their effect on the
NPV. Once the required flexibility for the most demanding days has been calculated, it is needed to assess
the total flexibility needed for the whole year. For this process, it was decided to use the region load
duration curves. INESC TEC, through simulations, obtained the percentage of the time in which the
conditions that generate grid violations are exceeded.
The grid problems that arose were treated independently and, based on the previous simulations, the
threshold where the violations occur were defined for each of the violations. Using the load duration curves
for each feeder (or violation location) it was possible to determine the amount of time per year the
threshold was exceeded.
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Figure 5-4: Load duration curve at the PV/Wind feeder for 2026. Threshold was 6.24MVA.

Feeder Max
Capacity

Furthermore, based on the simulation results, the relations between the load at the feeder (determined by
the generation) and the required flexibility in the grid due to the high generation was also calculated. The
results obtained in one of these simulations is shown in the figure below where an interval interpolation
has been applied.
Figure 5-5: Flexibility-load interpolation due to overload at the PV/Wind feeder

Based on the times the threshold was exceeded, applying the interpolation curve, it was possible to
calculate the total amount of flexibility required for each violation. This process is then applied to all the
hours where violations happen based on data obtained from the load duration curves. In doing so, the
yearly required flexibility to avoid each kind of violation could be calculated.
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Aggregating the results for all the feeders, the total required flexibility was obtained for 2025 - 2026. This
flexibility is shown in Table 5-7, along with the costs that were calculated in accordance with the prices
described previously:
Table 5-7: Total flexibility and its costs

Total Flexibility
exploited
(MWh/year)

Year
2025
2026

Total cost
(€/year)
€80 K
€106 K

1633
2145

To assess the impact of the flexibility on the grid, the ratio of the flexibility over the total grid consumption
has been calculated on a yearly basis. The results are shown in Table 5-8.
Table 5-8: Ratio flexibility - Total Consumption

5.1.4

2025

2026

Flexibility share

0.6%

0.8%

Total Load

261.41

262.41

CBA results

For the CBA, a discount rate of 5% is assumed. A lifetime of 7 years was assumed for the solution assets,
but since flexibility was only needed in the last two years, the costs and benefits were only considered for
the two-year period covering January 2025 - December 2026. Investment deferral over this period lead to
a benefit of €35.4K. However, the total discounted costs over the same period are €203.8K. These costs are
mainly the result from the asset costs resulting from the GM-hub, the ADMS and the Data Lake.
Table 5-9: CBA results Portugal HLUC01

5.1.5

CBA Results (€ 2020)

Value (€ 2020)

Total discounted costs
Total discounted benefits
NPV

€ 203.8K
€ 35.4K
-€168.4K

Sensitivity analysis

A sensitivity analysis was performed to assess under which circumstances positive CBA results would occur.
For the sensitivity analysis, three factors were considered:
•
•
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•

The number of years for which the investment can be deferred: This will impact both costs and
benefits.

The figure below presents the relation between a cost reduction and the NPV. A differentiation is made
between a reduction in CAPEX, OPEX, flexibility costs and total costs.

Figure 5-6: Effect of the cost decrease on the NPV

As can be seen, decreasing any one of the CAPEX, OPEX or Flexibility costs individually will not lead to a
positive CBA result. In fact, the total costs need to be decreased by nearly 84% before the CBA will result in
a positive NPV. Flexibility costs have the largest share in the total costs, followed by the CAPEX and finally
by the OPEX. A larger share in the total costs means a larger impact when reduced, hence the different lines
in the above figure. Since the flexibility costs show the largest impact, a more detailed sensitivity analysis
was performed on the different types of flexibility costs: RES curtailment costs, Load curtailment costs and
load increase costs. The results are shown in the figure below:
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Figure 5-7: Effect of the flexibility cost on the NPV

As can be seen, a change in RES curtailment costs has a significant impact on the NPV, while the effect of a
change in load curtailment or load increase costs on the NPV is negligible. The reason for this is that RES
curtailment is by far the most used type of flexibility: 3.7 GWh of flexibility used over two years, compared
to 1.6 MWh load curtailment and for and 33.7 MWh load increase. With a larger volume of flexibility, the
effect of an increasing price per MWh will also be bigger. However, even a reduction of all flexibility prices
(including RES curtailment) to €0,-/MWh will not lead to a positive NPV. The reason for this is that the rest
of the costs (CAPEX and OPEX) are larger than the achieved benefits. Therefore, even though the impact of
the RES curtailment price is significant, a change in flexibility cost will not change the conclusion of this
HLUC.
The second factor in the sensitivity analysis is the investment that can be deferred. Results are shown in
the figure below.
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Figure 5-8: Effect of grid investment needed on the NPV

The initial investment has a positive linear effect on the NPV; The higher the initial the investment, the
higher the benefit when this investment is deferred. The default value of the initial investment is €463K,
leading to €35K benefits, that is insufficient to cover the €203K costs. When all other factors remain
constant, a positive NPV could only be reached if the initial investments would be at least €2.7M.
The third factor in the sensitivity analysis is the number of years for which the investment can be deferred.
Increasing this number will increase the benefit. However, this will also increase the costs, since OPEX and
flexibility costs will be incurred for a longer period. Since no data regarding flexibility costs was available
after 2026, the sensitivity was performed under the assumption that the flexibility costs remain constant
after 2026, at the 2026-value of €106K/year. However, flexibility total costs are more likely to increase in
the future, since the renewable generation will be higher requiring more total flexibility. Hence, this
sensitivity considers an optimistic view on the costs. In the figure below, the costs, benefits and NPV are
displayed for a deferral period of 0-50 years.

Costs, benefits and NPV vs number of years deferral
€ 2,500
€ 2,000

NPV (*€1,000,-

€ 1,500
€ 1,000
€ 500
€0
-€ 500

0

10

20

30

40

50

Total discounted
costs
Total discounted
benefits
NPV

-€ 1,000
-€ 1,500
-€ 2,000

Number of years deferral
Figure 5-9: Effect of the number of years deferral on the NPV

Results of the sensitivity show that the cost increase strongly exceeds the increase in benefits after a
longer period of deferral. After a certain period, both costs and benefits will stabilize, due to the low
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discount factor. This sensitivity shows that deferring for a longer period will not lead to more positive
results, unless the annual costs can be decreased significantly.
Overall, the sensitivity analysis shows that positive results for this CBA can only occur when either the
costs are decreased by 84% or the initial investments are at least €2.7M, compared to the €463K in the
demo.

5.1.6

Conclusion

As shown in chapter 5.1.4, the costs of this HLUC exceed the benefits that can be achieved from deferring
the investments. The results show applying flexibility in the context and conditions of this demo is not an
economic solution. In response to this finding, and to assess under which circumstances the CBA would
yield positive results, a sensitivity analysis was performed. The sensitivity analysis shows that a longer
deferral period will only increase the net costs and therefore not contribute to more positive results.
Instead, a cost reduction of 84% is needed, or a situation in which at least €2.7M investments are needed.
Based on this, it can be concluded that the costs for the flexibility and the assets needed are too high make
it a viable solution. In a larger grid than the Mafra grid, needed investments may be larger and the benefit
may be big enough to cover the costs. Hence, it seems to be more economic to apply this solution in larger
grids where larger investments can be avoided or deferred.
Additionally, the flexibility price is one of the main cost drivers. With the current prices that have been
considered in the demo, the CBA does not return a positive NPV. On the other hand, in the next year, the
energy market price, which is directly linked to the flexibility price, is expected to decrease due to the
increased renewable injection in the grid. If this expectation is accurate, it would make the overall solution
cost lower, and the solution would be more economic.
The combination of all these factors point that applying the solution to a larger grid and with the expected
evolution of the grid and its associated energy markets will make the use of flexibility a viable solution. This
finding is in line with the conclusions of WP 8.2 (scalability analysis) where it was noticed that the HLUCs
related to optimized network operation require a certain minimum scale to become economically viable.

HLUC02: Distributed monitoring and control of LV
network using available flexibilities
5.2.1

HLUC description & methodology

Currently, an increase in renewable generation and electrical vehicles into the Portuguese grid can be
observed. This will be a challenge for the grid management systems given the strong load fluctuations and
unequal distribution of this high load in some areas of the grids.
There is a regulation in place that allows the Portuguese DSO to curtail some grid elements in emergency
situations. In the InteGrid project, an alternative solution is provided to this problem; a smart grid
management and operation system based on the use of the flexibility of connected customers.
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For this HLUC these two grid management approaches have been compared. Since the CBA is applied to
several years and the scenario is expected to evolve during these years, demo results would not be
representative for the CBA. For this reason, the results used in this CBA have been obtained from
simulations.
Two rural areas in Portugal have been simulated with around 100 - 180 customers each: Alcochete and
Valverde. The proposed solution is similar for both locations. In this report, the results are presented only
for Valverde, since the obtained results are very similar for both areas.
The simulations have been performed by INESC TEC and the grid model considered has been the actual grid
of Valverde. The simulations have been carried out for the period 2019 - 2026 and the CBA has been applied
to the same period. The following assumptions have been applied to the evolution of the actual grid over
the years needed for the simulation.
-

Grid evolution: For the future evolution of the grid and its renewable penetration ENTSO-e’s report
“Europe’s Network Development Plan to 2025, 2030 and 2040” [14] has been used. In this report,
ENTSO-e forecast a single scenario regarding PV integration and EV until 2025, but after 2025, two
different scenarios are proposed:
o First case (High DER): Higher renewable generation and EV penetration with additional
“grid-level” energy storage systems.
o Second case (Low DER): Moderate renewable generation and EV penetration
On the other side, the client engagement to provide household flexibility via the HEMS, has been
estimated according to EDPD forecasts. PV evolution for Valverde is displayed inTable 5-10. In the
same tables, the estimated HEMS and EV Charging stations are displayed. The power of the EV
charging stations has been assumed as 3.6kW, with an average daily consumption of 14.4kWh.
Table 5-10: PV, EV and HEMS evolution in Valverde

2019

30.5

26

Share of
users with
HEMS over
the total
22%

2020

30.5

27

23%

2

2%

2021

30.5

28

24%

2

2%

2022

30.5

29

25%

3

3%

2023

30.5

31

26%

4

3%

2024

30.5

32

27%

6

5%

2025

30.5

33

28%

8

7%

2026 (High DER)

37.5

39

33%

10

9%

2026 (Low DER)

47.5

40

34%

15

13%

PV [kW]

HEMS [Units]

EV Charging
stations
[Units]

Share of users
with EV Station
over the total

1

1%

The PV capacity in Valverde does not increase until 2026, since the area has hosted other R&D
projects that have installed PV systems in households. However, as will be seen in the results, grid
constraints will not appear until 2026.

InteGrid

GA 731218

78 | 118

D7.4 - CBA Methodology and Results

-

Household Load: EDP has provided its estimation for the load growth in Valverde. This estimation
consists of the total yearly consumption of the region for the household consumption without
considering EV installations. This is because only a small percentage of household have been
considered to acquire EV. The growth values are shown in Table 5-11.
Table 5-11: Estimated load growth in Valverde

HH Load
Growth

-

2020

2021

2022

2023

2024

2025

1.42%

0.75%

1.15%

1.27%

1.73%

0.96%

2026,
Low DER
1.37%

2026,
High DER
1.37%

Storage: In addition to these flexibility sources, and in order to resemble the actual demo, DSO
owned storage assets have also been considered. According to ENTSO-e, storage growth is only
expected in 2026 and will only be required for the high DER scenarios:
o Energy storage system (27kW/30kWh) – already existing in Valverde’s grid;
o Energy storage system (18kW/20kWh) – only for 2026 in the High DER scenario and
according to [14].

The next step involves defining which flexibility sources will be used to avoid grid constraints. These sources
have been defined depending on the scenario, these sources are as follows:
-

New regulation scenario:
InteGrid solution scenario:
Both scenarios:

RES curtailment and EV
HEMS
Energy storage systems

The simulations are able to determine where the grid violation, in terms of voltage, may appear. For the
voltage violations, current limits have been considered which include a 10% margin over the nominal value,
as per current regulations.
Once the violation has been detected, the software is able to calculate how much flexibility from each
source is needed to avoid these constraints. The simulations minimize the amount of flexibility is needed.
Following the same approach as in HLUC01, only the most challenging days, in terms of grid constraints and
flexibility needs, have been simulated for each of the scenarios and cases:
-

-

Highest generation day: summer day in which the PV generation is high and can cause constraints
in the evacuation lines. This day would be the day of the year that will require most flexibility to
accommodate the RES generation.
Highest demand day: winter day in which the load is at the maximum due to heating requirements
and EV charging that can cause feeders overload. This day would be the day of the year that will
need most flexibility to supply the required energy to the consumers.

These two days have been simulated for every year considered in the CBA, with their corresponding
updated grid model. The results given for each simulation are detailed in the next sections.

5.2.2
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The predictive management of the LV grid requires two different concepts of costs. The first one is related
to the assets (software and hardware) required to enable the use of flexibility to manage the grid and the
second one consists on the cost of purchasing the flexibility to the providers.
The first is based on the assets (software and hardware) required to enable the use of flexibility in managing
the grid. Asset costs have been divided into CAPEX and OPEX. For the tools developed for InteGrid, only the
development costs have been considered. Several aspects need to be considered:
-

For some non-commercial partners, it was not possible to provide a commercial price of their tools.
Due to confidentiality, some of the partners could not share the commercial price of the provided
tools
The CBA is to be applied to the InteGrid demo, meaning that the costs that the demo has incurred
only include the development costs within the context of InteGrid.

For these reasons the cost of the main software tools are only the costs associated their deployment within
InteGrid. These tools are:
-

LV State Estimator
Load Forecasting Service
RES Forecasting Service
LV Control Module
Data Lake
Advanced Distribution Management System (ADMS)

However, in the commercial solution, most of these tools will be included within the ADMS. This is the case
for the LV State Estimator, the Load Forecasting Service and the RES Forecasting Service. For this reason,
the cost of these tools has not been explicitly considered in the CBA.
The ADMS cost has been provided by GE. GE owns the product and already commercializes it in the market.
GE has estimated the cost of the ADMS adapted to all the demos in Portugal (Mafra – 400 MV customers,
Valverde and Alcochete – 1100 LV customers). Additionally, the provided cost considers only the modules
that are required for the InteGrid solution. As GE has provided the value of the ADMS for all the InteGrid
project, including HLUC02, the cost has been split equally among the three demos, as per GE’s suggestion.
Final costs are shown in Table 5-12.
The other cost item in the solution, is the Data Lake which is an existing tool used by EDPD for
communication and information sharing between their tools. As it is a tool already being used, only the cost
needed for InteGrid are considered in the demo, this consists of new hardware, implementation and
maintenance. Again, this cost has been split in the three demos in Portugal, as the costs have been provided
as a total for the InteGrid project.
Lastly, the GE’s ADMS does not include the functionality to control the LV grid. For this reason, INESC TEC
has developed the tool “LV Control Module”. As the tool could be used to provide service for a much wider
area than Valverde region (indeed Valverde represents less than a 0.1% of the EDPD grid in terms of capacity
and consumption), the cost, if normalized for the share of EDPD’s grid in the overall LV network would be
negligible, and so we have assumed 0 cost.
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Table 5-12: Costs InteGrid solution
CAPEX

OPEX

Data Lake
Advance Distribution Management System

€17.9K
€30.8K

€7.2 K
€6.2K

Total

€48.K

€13.3K

On the other hand, the flexibility needs to be purchased by the DSO. The amount of flexibility needed has
been obtained as a result from the simulations. For the years 2020 - 2025, no grid constraint was identified.
Constraints only appeared in 2026, when the penetration of DER is increased. Table 5-13 presents the
flexibility required to avoid grid constraints for the two simulated days.
Table 5-13: Flexibility results from the simulation
Flexibility required, [kWh]
2020-2025
2026
High DER Penetration
Low DER Penetration

High Consumption Day

0

5.28

High Generation Day

0

9.13

High Consumption Day

0

0.51

High Generation Day

0

4.45

Once the required flexibility for the most demanding days has been calculated, it is used to assess the total
flexibility that will be needed for the whole year. For this process, it was decided to use the load duration
curves. For each of the feeders, INESC TEC obtained the percentage of time in which the conditions that
generate grid violations of that feeder are exceeded. All the exceedance times were added (considering
overlapping exceedance). These load duration curves are displayed in Figure 5-10 and Figure 5-11.

Figure 5-10: Load Duration Curve for load issues
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Figure 5-11: Load Duration Curve for generation issues

The last step involves determining how much flexibility is required to solve the violations once the threshold
has been exceeded. This flexibility will depend on for how much the threshold has been exceeded by. For
this, INESC TEC has used a set of data points obtained in the simulations to build the functions of flexibility
needs shown in the figures below.

InteGrid

GA 731218

82 | 118

D7.4 - CBA Methodology and Results

Flexibility Requirements Estimation - Function of the Feeder
Power Flow Undervoltage

Flexibility required, [kW]
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Figure 5-12: Flexibility estimation based on feeder power which have load issues

Flexibility Requirements Estimation - Function of the Feeder
Power Flow Overvoltage
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Figure 5-13: Flexibility estimation based on feeder power which have generation issues

Aggregating the results of the extrapolation, the total yearly curtailment needed is displayed in the table
below:
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Table 5-14: Required flexibility per year
Flexibility
over total
consumption

Flexibility required, [kWh]
2020-2025
High DER Penetration
Low DER Penetration

2026

Undervoltage flexibility

0

603.79

0.17%

Overvoltage flexibility

0

20.66

0.01%

Undervoltage flexibility

0

110.45

0.03%

Overvoltage flexibility

0

70.75

0.02%

The last column of Table 5-15 shows the percentage of the required flexibility relative to the total
consumption of Valverde forecasted for 2026.
In calculating the prices of flexibility, the cost of flexibility from energy storage has not been considered as
it has been assumed the DSO owns the assets. The remaining flexibility is provided by the different HEMS
spread across the grid and has been considered. The price of the flexibility from the HEMS is taken as the
average day-ahead market price from 2014 to 2018, when the load is increased or reduced (49.52€/MWh
).
Applying these prices, the final estimated cost for the flexibility is:
Table 5-15: Required flexibility costs per year
Flexibility required, [€/year]

High DER Penetration
Low DER Penetration

5.2.3

2020-2025

2026

Undervoltage flexibility

0

29.90

Overvoltage flexibility

0

1.02

Undervoltage flexibility

0

5.47

Overvoltage flexibility

0

5.97

Costs of using curtailment as a flexibility service

As this new scenario has not yet been recognised by the Portuguese authorities, and since both operational
approaches are similar, the operation and infrastructure of the grid that enables curtailment of generators
or loads will be the same as the InteGrid solution.
The only difference would be that this solution would not require the LV Control Module, but as explained
in the previous section, its cost would be diluted in a real grid and has not been applied in the CBA. For this
reason, the final cost is the same as the InteGrid solution. These items are listed here along with their costs
as estimated by the partners.
Table 5-16: Costs of new regulation scenario

Data Lake
Advance Distribution Management System
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Total

€48.K

€13.3K

In the same way as the flexibility dependant solution, the DSO would have to pay to curtail the different
generator or loads. The amount of curtailment needed has been obtained from INESC TEC simulations. The
assumptions and process has been the same as for the flexibility but changing the flexibility source (now
named as curtailment) to DER and EV charging stations curtailment. Similarly, for the years 2020-2025, no
grid constraint was identified. Constraints again only appeared in 2026, when the penetration of DER and
EV increased.
Table 5-17: Curtailment required per day
Curtailment required, [kWh]
2020-2025
2026
High DER Penetration
Low DER Penetration

High Consumption Day

0

6.05

High Generation Day

0

7.98

High Consumption Day

0

0.49

High Generation Day

0

7.87

The same process, based on the load duration curves of the feeders with violations and the correlation
between flexibility and load, described in the previous section, has been followed to estimate the total. The
total curtailment required is shown in Table 5-18.
Table 5-18: Curtailment required per year
Curtailment required, [kWh]
2020-2025
High DER Penetration
Low DER Penetration

2026

Undervoltage flexibility

0

266.32

Overvoltage flexibility

0

68.38

Undervoltage flexibility

0

70.91

Overvoltage flexibility

0

77.53

In the same way as HLUC01, the cost of the curtailment of PV generation used is the average price of the
day-ahead market in Portugal from 2014 to 2018 (49.52€/MWh).
In contrast, load shedding is only used in case of an emergency, the price used has been 5.89€/kWh as
calculated in WP8 for the Value of Lost Load in case of domestic load shedding [3], since the load shed are
from domestic users and their EV charging stations.
Applying these prices, the final estimated cost for the curtailment is:
Table 5-19: Costs of required curtailment per year
Curtailment cost [€/year]
2020-2025
High DER Penetration

InteGrid

Undervoltage flexibility

GA 731218

0

2026
1568.62
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Low DER Penetration

Overvoltage flexibility

0

3.39

Undervoltage flexibility

0

417.66

Overvoltage flexibility

0

3.84

Following INESC TEC’s simulations, as described in chapter 5.2.1, it can be concluded that the costs for the
InteGrid solution are the same as in the baseline: €319.6K CAPEX, €410.4K/year OPEX. Hence, the relative
costs for the InteGrid solution are €0, for both scenarios

5.2.4

Benefits

Following the simulations, the relative benefits of the InteGrid solution over the period of 2019-2025 are
also €0,- since no constraint violations arose in the grid. However, in 2026, the costs for requiring flexibility
are lower in the InteGrid scenario than in the base case. Below, the relative benefits calculated as the
different in curtailment and flexibility cost, resulting from the InteGrid scenario are displayed, for both
scenarios:
Benefits Valverde high penetration:
Table 5-20: Benefits Valverde High

Benefits (€ 2026)
Total

€1,541.-

Benefits Valverde low penetration:
Table 5-21: benefits Valverde Low

Benefits (€ 2026)
Total

5.2.5

€ 412.-

CBA results

HLUC02 is a comparison between the application of flexibility (scenario) and curtailment (baseline). Results
show that in the demo, the asset cost for managing the flexibility will be also needed for the curtailment
scenario, leading to zero relative costs. In addition, none of the scenarios showed grid violations2026,
which is the last demo year. Since the relative costs of flexibility are zero and the benefits in the case of
flexibility are higher than in the case of curtailment, the NPV resulting from this HLUC is positive and equal
to the discounted benefit of flexibility in 2026. This is shown in the table below.
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Table 5-22: CBA results

5.2.6

CBA results (€ 2020)

Valverde High

Valverde Low

Total discounted costs
Total discounted benefits
NPV

€ 0,€1,095,€1,095.-

€0,€293,€293.-

Sensitivity analysis

With the current configuration of prices used in the CBA, the flexibility and the upwards curtailment prices
have been set to be the same as the average market price between 2014 and 2018 in Portugal
(49.52€/MWh). Considering this, the main driver of the viability of using flexibility over curtailment is the
price of the load shedding or load curtailment.
If the load shedding price is matched with the average of the market price in Portugal, there would be no
difference in using either curtailment or flexibility. However, this is unlikely to happen since load shedding
is one of the most drastic options to manage the grid, and the price of curtailment would equal or
approximate the Value of Lost Load (VoLL). For this reason, the CBA will normally remain positive and
linearly increasing with the VoLL. This effect is shown in Figure 5-14.

Relation between VoLL and NPV
€ 2,500.00
€ 2,000.00

NPV

€ 1,500.00
€ 1,000.00
€ 500.00
€-€ 500.00

VoLL Price (€/MWh)
Valverde High RES

Valverde Low RES

Figure 5-14: Effect of the VoLL price on the use of flexibility and curtailment

As seen in the simulations results, the total amount of flexibility or curtailment in energy terms is very
similar. For this reason, the flexibility cost main driver is the price and not the energy amount.

5.2.7

Conclusion

The results from this HLUC show that, due to the high price of the load shedding, the use of flexibility is
more favourable from an economic perspective than the emergency curtailment. However, the trend in the
upcoming years will show increased load from rural PV and EV mobility, increasing the risk of grid
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constraints violations. This would increase the flexibility or curtailment requirements and will further justify
the use of flexibility.
An important assumption that has been made is that the costs in both scenarios are equal. As explained in
the chapter, it has been assumed that the curtailment of generation or load shedding need the same
infrastructure to be predicted. This is also consistent with the trend to enhance the DSO assets, which will
eventually incorporate all of this functionality as part of regular operation.
This solution is highly country-dependent since flexibility prices and the Value of Lost Load (VoLL) is different
per country. However, in Europe the average of VoLL is 6.04€/kWh [7] which would normally be high
enough to maintain the NPV positive. Additionally, as it is generally expected that the flexibility prices will
decrease in the next years, the use of flexibility should become even more economic over time.
Lastly, as mentioned in the introduction the analysis was also made for the Alcochete network. While
Valverde is a rural area, Alcochete is a semi urban area. Despite this difference the simulation results were
of the same order of magnitude, and it can be concluded that the solution for Alcochete will be equally
effective as for Valverde.

HLUC02*: Potential benefits and impact of the
LVSE
5.3.1

Description & methodology

In order to assess the potential applications and benefits of the tool, Low Voltage State Estimator (LVSE),
for the different DSOs, a survey has been created and circulated to the partners. The methodology has been
designed following an existing European project named EvolvDSO [8] in which similar needs arose. Taking
this into account, the survey proposed a matrix with different functionalities that the tool has, such as giving
the real-time information on the grid state or the possibility to give probability mark-up on different
forecasted scenarios, against the potential benefits (direct – increase awareness of the grid or indirect –
increase RES hosting capacity).
The difference between the direct and indirect benefits is that the direct benefits are achieved without any
data post processing of the LVSE information, in contrast, the indirect benefits require data analysis or post
processing to extract conclusions, which is performed by other tools. This is the case of “Maximize
exploitation of flexibility network resources minimizing it costs” which needs the Low Voltage Control
Module to effectively use the flexibility.
The survey template has been included in Annex II. DSOs were asked to fill the matrix with the importance
of the benefit/functionality and to state briefly why the functionality was important for the benefit. DSO
partners were asked to fill the survey by scoring from 1 to 10 for each of the pair of functionality/benefit.
Functionalities
Real time information on grid state
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Update network performance data on voltage quality
Low hardware requirements - can be deployed locally at the substations
Probability markup of scenario estimations
Low cost solution - few meters needed
Direct benefits
Reduced Distribution Equipment Maintenance Cost
Identification/correction erroneous data gathered form SM
Increase situation awareness of the grid
Alarm triggering based on probability markup
Autonomous control of a substation
Detect grid violations
Monitoring of network assets
Reduce operation cost
Topology of the grid is not needed
Indirect benefits
Reduced sustained outages
Reduced restoration Cost
Reduced sags and swells
Increase RES hosting capacity
Reduced grid violations
Data for grid planning - Deferred Distribution Capacity Investments
Quality of supply
Reduced distribution equipment maintenance cost - less risk of stranded assets
Maximize exploitation of flexibility network resources minimizing it costs

5.3.2

Interest assessment results

To assess the relevance for each of the functionalities, the score per benefit given by the partners to each
of the functionalities has been added, obtaining the total score for each functionality. Since the standard
for each partner may be different, the total score of each functionality has been normalized per partner, by
diving its score by the maximum score given to a functionality. In conclusion, as shown in the analysis next,
the maximum score that each functionality can obtain per DSO is 1.
The total score per functionality of the LVSE has been computed and normalized considering only the direct
benefits. The results are shown in the table below.
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Direct Benefits

DSO A

DSO B

Low cost solution few meters needed

Probability markup
of scenario
estimations

Low hardware
requirements - can
be deployed locally
at the substations

Update network
performance data
on voltage quality

Real time
information on grid
state

3.00
2.50
2.00
1.50
1.00
0.50
0.00

DSO C

Figure 5-15: Functionalities score for the direct benefits (total)

The graphs show the most interesting functionalities of the LVSE is the real time information on grid state,
which is coherence since this is the main purpose of the tool.
However, the ease of the implementation and low-cost solution have not been as important as the main
functionalities. This is likely related to the fact that in a research environment these are not the main points
of attention. However, when trying to commercialize the tool in the market, the clients will most likely value
the inclusion of these two aspects in the survey.
As the remaining two functionalities are more related to the post treatment of the data (“Update network
performance data on voltage quality” and “Probability markup of scenario estimations”), they have been
better valued for the direct benefits, as the figure below shows.

Indirect Benefits

DSO A

DSO B

Low cost solution few meters needed

Probability markup
of scenario
estimations

Low hardware
requirements - can
be deployed locally
at the substations

Update network
performance data
on voltage quality

Real time
information on grid
state

3.00
2.50
2.00
1.50
1.00
0.50
0.00

DSO C

Figure 5-16: Functionalities score for the indirect benefits (total)

The functionalities “Update network performance data on voltage quality” and “Probability mark-up of
different scenarios” have been well considered for the indirect benefits.
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Applying the same process to the benefits, the direct benefits score is shown below.

Direct Benefits

3.0
2.5
2.0
1.5
1.0
0.5

DSO A

DSO B

Topology of the grid is not needed

Reduce operation cost

Monitoring of network assets

Detect grid violations

Autonomous control of a substation

Alarm triggering based on probability
markup

Increase situation awareness of the grid

Identification/correction errouneous
data gathered form SM

Reduced Distribution Equipment
Maintenance Cost

0.0

DSO C

Figure 5-17: Direct benefits score

The most important benefits from the LVSE, for the different DSOs are:
-

Increase the situation awareness of the grid;
Alarm triggering based on probability markup;
Monitoring network assets;
Reduce operation cost.

As expected, the most relevant benefits for the partners are those related with understanding the grid,
specifically knowing where it is stressed and acting accordingly.
Also, as the operation cost are a relevant figure for the DSO, they have also valued the potential reduction
in cost that the LVSE can bring thanks to the asset monitoring.
Comparatively, the remaining benefits have not been as well valued by the partners. This is probably
because they are not the main purpose of the LVSE and although they are benefits that the LVSE can bring,
other tools can address these topics more specifically while obtaining better results.
Applying the same process for the indirect benefits, the results have been collected in the figure below.
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Indirect benefits
3.0
2.5
2.0
1.5
1.0
0.5

DSO A

DSO B

Maximize exploitation of
flexibility network
resources minimizing it

Reduced distribution
equipment maintenance
cost - less risk of stranded
assets

Quality of supply

Data for grid planning Deferred Distribution
Capacity Investments

Reduced grid violations

Increase RES hosting
capacity

Reduced sags and swells

Reduced restoration Cost

Reduced sustained
outages

0.0

DSO C

Figure 5-18: Indirect benefits score

The most important indirect benefits from the LVSE for the different DSOs are:
-

Increase RES hosting capacity
Improve quality of supply
Maximize exploitation of flexibility network resources minimizing its cost

The partners have prioritized the trends of the grid evolution (RES hosting and flexibility use) over other
associated benefits, such as lowering the maintenance costs or reducing outages. This is probably because
other tools are already in place that have been proven to provide these benefits, such as predictive
maintenance tools or advanced fault locators, which do not need to know the grid status.
Finally, the partners have also given positive background to the benefits “Reduce grid violations” and “Data
collection for grid planning – deferred distribution capacity investments”. This is a good sign since InteGrid
is already implementing these functions which the partners have found useful. Future developments of the
tool should keep improving these sections.

5.3.3

Conclusion

Since the visibility of the LV grid has been traditionally low, the LVSE has caught the attention of DSO
partners and they have expressed the main take away of the tool would be increased awareness of the grid
and assets.
Moreover, the awareness of the grid and its equipment, the data provided by the LVSE can be used for
many other purposes, with the most interesting for the DSO partners being the use of flexibility and the
increase in RES hosting capacity which matches the expected evolution of the grid and management styles.
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The findings show the LVSE is developing in the right direction, which could be an interesting and useful
tool if commercialised to other DSOs. This tool also shows particular promise regarding international
replicability, since there are several networks with similar topology to the one of Portugal, for example in
countries such as Spain or France.

HLUC08: Manage internal processes’ flexibility to
optimize energy consumption
5.4.1

HLUC description & methodology

This HLUC is related to electrical energy savings and flexibility provision to the DSO/TSO by an urban Water
Resources Recovery Facility (WRRF). This involves the wastewater company Águas do Tejo Atlântico (AdTA)
and the possibility of making this flexibility available to both TSO using the VPP platform from CyberGRID.
For the purpose of this CBA it will be considered that the flexibility is sold to the TSO.
For this HLUC, InteGrid brings two different sources of income/savings:
-

Minimize electrical energy consumption of wastewater pumping station, through a developed
tool named p-Optimizer;
Provide flexibility to the DSO and TSO using the VPP platform through a tool named Flex2water.

These tools have been implemented in several Water Resources Recovery Facility (WRRF) owned by AdTA,
for this CBA, the Alcantara plant has been chosen as it has implemented both upgrades. The monitoring
data and numerical models have been integrated into an IT platform named Aquasafe, which will process
the received information and give status updates to the operators.
As both InteGrid upgrades can be considered and applied separately, the CBA presented here has been
done separately for each of them.

5.4.2

Benefits

The first improvement, process optimization, has been applied to the pumping process of the plant. The
aim of the optimization is to minimize the wastewater pumping station’s electricity consumption. In
addition, this consumption reduction is available for flexibility.
At this station, the consumption of the pumping process accounts for around 10% of the total electrical
consumption of this plant. After deploying the demo, the process optimizer has been able to reduce
between 8 – 10% of the process consumption. This reduction accounts for a total electrical consumption
reduction of around 1%, which applied to Alcantara WRRF yields an energy saving of 146MWh and a cost
reduction of approximately €15K.
The second improvement gives the plant owner the possibility to sell flexibility in the TSO ancillary service
market. Due to the promptness of the plant’s response to a flexibility requirement, only the tertiary reserve,
also known as the manual Frequency Restoration Reserve (mFRR), has been considered.
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AdTA provided the average available flexibility based on the real measurements performed during the
demo. The daily flexibility is shown in Figure 5-19.

Alcântara WRRF - Available Flexibility
500
450
400

Power Flexibility [kW]

350
300
250
200
150
100
50
0

Increase consumption

Decrease consumption

Figure 5-19: Available flexibility for mFRR

The flexibility provided is the average for the plant, as observed during the demo period. For this reason,
the same flexibility has been considered during all the days of the year.
Based on the average consumption calculated for the Alcantara power plant (1.8kW), the available flexibility
represents up to 20% of the plant’s consumption.
To calculate the income the flexibility has to be quantified. To do this, real data from 2018, obtained from
the Portuguese TSO, has been used. [15]
The ancillary services market in Portugal is a marginal market, this means that the last offer accepted will
set the price that is applied to all accepted offers. For this reason, some of the providers decide to bid their
services at price 0, since they assure that their bid is accepted but the price will not be 0, it will be
established by the last offer. This approach is considered for this CBA as it represents the general trend
water plant operators are following in Portugal. The benefit per hour is calculated following this formula:
ℎ
ℎ
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 [€] = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 �

Where:
•
•
•
•

InteGrid

𝐸𝐸𝐸𝐸𝐸𝐸
ℎ
� · 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 [𝑀𝑀𝑀𝑀ℎ]
𝑀𝑀𝑀𝑀ℎ

h: hour of the year the benefit is being calculated from.
IncomeUpward Reserve: revenue obtained from selling flexibility from consumption decreases
for the hour h
PricemFRR-Upward: price of the upward mFRR for the hour h, obtained from the TSO database
[15]
FlexibilityConsumption Decrease: available flexibility as per the flexibility matrix

GA 731218

94 | 118

D7.4 - CBA Methodology and Results

The revenues for the downward reserve are calculated similarly:
ℎ
ℎ
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 [€] = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 �

Where:
•
•
•
•

𝐸𝐸𝐸𝐸𝐸𝐸
ℎ
� · 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 [𝑀𝑀𝑀𝑀ℎ]
𝑀𝑀𝑀𝑀ℎ

h: hour of the year the benefit is calculated from
IncomeDownward Reserve: revenue obtained from selling flexibility from consumption increases
for the hour h
PricemFRR-Downward: price of the upward mFRR for the hour h, obtained from the TSO database
[15]
FlexibilityConsumption Increase: available flexibility as per the flexibility matrix.

Applying this procedure to the whole year an estimation of the total income from the flexibility sale in the
ancillary services market can be obtained. This result is shown in Table 5-23.
Several comments must be noted regarding these benefit calculations. Firstly, a 100% availability of the
plant has been assumed; this is an acceptable assumption if maintenance and repairs are performed in
periods when there is no flexibility available. However, this assumption does not foresee failures and
unscheduled maintenance. Conducting the calculations for 2017 to 2019 results in the values shown in the
table below. For the purpose of the CBA, the average over 2017 - 2019 has been used as the benefit.
Table 5-23: mFRR benefits per year

5.4.3

2017

2018

2019

Average

mFRR - Upwards

€17.1K

€19.4K

€14.5K

€17.0K

mFRR - Downwards

€60.2K

€51.6K

€48.5K

€53.4K

Total

€77.3K

€71.0K

€63.0K

€70.4K

Costs

In the demo, AdTA have already implemented and tested these solutions. AdTA has been consulted to
assess the cost of the implementations. They have quantified, in terms of one-time investment (CAPEX) and
yearly investment (OPEX), the cost of the upgrades. For the process optimization, the cost needed for the
implementation and operation of the solutions are as follows:
Table 5-24: Total costs tools WRRF (Process optimization)

Data acquisition systems - Integration in SCADA
p-Optimizer
Computers
Sensors
Total
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CAPEX (€)

OPEX (k€/year)

€5.7K
€3.75K
€1K
€0.€10.4K

€1.6K
€1.6K
€1.6K
€1.6K
€6.4K
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Table 5-25: Total costs tools WRRF (Flexibility provision)

Data acquisition systems - Integration in SCADA
Aquasafe
Extra person for operation
Computers
Sensors
Meters
Total

CAPEX (k€)

OPEX (k€/year)

€5.7K
€9K
€0.€1K
€0.€1.5K
€17.2K

€1.6K
€3K
€3.5K
€1.6K
€1.6K
€6.9K
€18.2K

The costs presented are the result of splitting the total costs between the plants owned by Adta, as the tool
costs developed specifically for Integrid can be applied to several WRRFs.
The water plant flexibility modules need an additional person to operate. This person can operate all AdTA’s
water plants at the same time, so this cost has also been split among all the plants that have implemented
any of these upgrades.

5.4.4

CBA results

As mentioned previously, the CBA has been split into two solutions: the p-optimizer and the flexibility
provision. A 5% discount rate and a lifetime of 12 years has been assumed for both. In both cases, the
benefits exceed the costs, leading to a positive NPV. For the flexibility provision, both benefits, costs and
the NPV are significantly higher in comparison with the P-optimizer. The results are shown in the table
below:
Table 5-26: CBA results Portugal HLUC08

5.4.5

CBA results (€ 2020)

P-optimizer

Flexibility

Accumulated discounted costs
Accumulated discounted
benefits
NPV

€ 70.0K

€186.1K

€ 140.1K

€655.3K

€70.1K

€469.2K

Sensitivities

This sensitivity analysis describes the impact of the mFRR activation probability (AP) on the NPV. In the
calculations above, the AP is assumed to be 100% (default in the sensitivity analysis). This sensitivity analysis
tests the effect of this assumption on the NPV. The AP has a direct and linear relation with the mFRR
benefits. In the figure below, the relation between the AP and the NPV is shown, for mFRR down, mFRR up
and the total mFRR.
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mFRR activation probability vs NPV
€ 600.0
€ 500.0

NPV (*€1,000.-)

€ 400.0
€ 300.0

mFRR Total

€ 200.0

mFRR Down

€ 100.0

mFRR Up

€ 0.0
-€ 100.0
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-€ 200.0
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Activation probability
Figure 5-20: Sensitivity: AP vs NPV

The results show, even with no mFRR-down benefits (AP = 0%), the NPV is still positive, since the mFRR-up
benefits are sufficient to compensate the costs. However, the mFRR down benefits are not sufficient to
cover the costs when there are no mFRR-up benefits, leading to a negative NPV. An AP of at least 5.6% in
the mFRR up is needed to break-even. When the total AP (both up and down) is zero, there will be no
benefits, leading to a negative NPV of €186K. When both AP are 28.4%, break-even will be reached.
The sensitivity analysis shows the results are robust. The NPV is negative only when both AP’s are decreased
from 100% to 28.4%, or when the AP for mFRR-up is decreased from 100% to 5.6%. Furthermore, even
without any mFRR-down benefits, the results will still be positive.

5.4.6

Conclusion

The conclusion for this HLUC is that both the provision of flexibility and the p-optimizer are economically
viable solutions, as tested by InteGrid. The sensitivity analysis shows the CBA results for the provision of
flexibility are robust: the AP can be decreased significantly without resulting in a negative CBA outcome.
This leaves a margin in case the aggregator applies a fee. A 50% share between the VPP operator and the
flexibility provider (as assumed in other HLUCs) would still provide the plant owner with a positive NPV,
approximately €140.000.
The provision assumption of 100% flexibility achieved by bidding a market price of 0, could lead to struggling
situations since maintenance times are still required. However, even with the assumption of 10%
maintenance time, the results are still positive.
The process optimizer is a relatively economic solution which yields robust benefits. Further research could
be undertaken to determine if it can be extended to other processes of the water treatment plant, since
with the same investment additional benefits could be obtained.

InteGrid

GA 731218

97 | 118

D7.4 - CBA Methodology and Results

HLUC09: Home Energy Management
5.5.1

HLUC description & methodology

As part of InteGrid, several households implemented a Home Energy Management System (HEMS) capable
of automatically managing the startup and shutdown of different household appliances. In Portugal, a
specific version of the HEMS has been implemented. This HEMS is developed by INESC TEC and enables the
shift of the consumption (or usage) of appliances to time slots when the price of electricity is lower, thus
helping reduce overall household electricity cost.
A range of appliances can be integrated with HEMS, with varying levels of savings. Accounting for this,
different customer types have been defined based on the number and type of appliances integrated into
HEMS. The relationship between the appliances and the defined types of customer can be observed in Table
5-27.
Table 5-27: Appliances per customer type
Electric
water
heater

Washing
machine

Basic Customer

▪

▪

Premium Customer

▪
▪

▪
▪

Self-generating Customer

Dryer

Dishwasher

Heat
Pump

▪
▪

▪
▪

▪
▪

PV system

▪

Summarizing the customer types:
•
•
•

Basic customer: The customer type with the fewest appliances integrated into the HEMS: Only the
electric water heater and washing machine are considered.
Premium customer: This customer has more appliances integrated into the HEMS and subsequently
can achieve greater bill reductions.
Self-generating customer: This customer type has the same number of appliances integrated into the
HEMS as the premium customer, but with a PV system as well.

The HEMS has been deployed in several households in Portugal, however, to characterize all customer types
with reliable data required some simulations. INESC TEC is able to emulate the HEMS in a desired
environment, thus obtaining the expected HEMS behaviour during real-world operation. This approach has
also been followed in WP8 [3] where the same simulation results have been used for the scalability analysis.
In the WP7 context, the simulations are used to assess individual customers.
The maximum potential of the HEMS is achieved with a dynamic tariff. This is a tariff which changes the
hourly price for the customer depending on the hourly market price. The hourly market price is typically
lower at night, as the country’s electricity consumption is usually lower. Equally, the hourly market price is
likely to be higher during periods of peak demand. Although this kind of tariff has not yet been implemented
in Portugal, it is expected to be implemented in the near future. For this reason, a similar Spanish tariff [9]
has been used. The prices considered are represented by the red line in Figure 5-21 below.

InteGrid

GA 731218

98 | 118

D7.4 - CBA Methodology and Results

5.5.2

Benefits

For each of the customers, one day of HEMS operation has been simulated. In that day, the simulation
activates all the appliances. For example, Figure 5-21 shows the simulation results of the Premium
Customer. The graph shows the appliance activations are all concentrated between 3 and 4am, when the
electricity price is at its lowest.
The consumption of the smart appliances has been assumed as follows: Dishwasher, 2kw, for 1.5 hours;
Washing machine, 1kW, for 1 hour; Dryer, 0.75kW, for 1 hour.
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Figure 5-21: HEMS simulation results for the Premium Customer

This approach is considered adequate, but limitations have been identified with the results:
1) The maximum power consumption with this optimization exceeds the maximum contracted power
that would lead to a trip of the electrical supply.
2) In practice, not every appliance would be active on a daily basis. This limitation relates to the
simulation approach of only using results from one day.
For this reason, instead of using a single day approach, the results have been extended to a three days basis.
In addition, the washing machine, dryer and dishwasher have been assumed to be used only once every
three days, and only one appliance per day during the lowest tariff period. Meanwhile, the Electric Water
Heater and the Heat Pump, which are devices usually used every day, have maintained the original
activations obtained in the simulation results.
Following this approach, the results for the Premium Customer are shown in Figure 5-22 below.
With this new approach, a more realistic appliance usage is considered, the maximum power consumed is
reduced and this fulfils the contracted power limits.
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Figure 5-22: Three days adaptation of the HEMS simulation results for the Premium Customer

In Annex I the three days-based consumption profiles for the different kind of customers have been
collected.
In order to be able to assess the savings achievable HEMS savings, a baseline defining typical household
consumption is required. INESC TEC simulations can also provide this baseline. As an example, the Premium
Customer baseline is shown in Figure 5-22.
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Figure 5-23: Three days adaptation of the HEMS simulation results for the Premium Customer without HEMS
optimization

Multiplying each consumption by the corresponding price of its time slot, the following costs of the energy
were calculated.
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Table 5-28: Three days basis consumption of the customers
Energy [kWh]

Cost

Basic no HEMS

49.32

5.48 €

Basic HEMS

49.32

4.88 €

Premium no HEMS

71.02

8.26 €

Premium HEMS

71.02

6.28 €

PV no HEMS

71.02

1.25 €

PV HEMS

71.02

0.90 €

As expected, the total consumption of the household is the same before and after installing the HEMS, but
the cost of this energy has decreased due to the HEMS optimization.
The next step is to calculate the yearly benefits the HEMS optimization can achieve. The ambient
temperature and solar radiation have an impact on the consumption due to household climatization and
PV generation. The conditions of the simulation have been considered as an average condition and the
costs have been extrapolated linearly to a full year. Table 5-29 shows the result of these calculations, giving
the estimated yearly saving for each customer type, with and without HEMS.
Table 5-29: Yearly savings per customer type

Customer Type
Basic no HEMS
Basic HEMS
Premium no HEMS
Premium HEMS
PV no HEMS
PV HEMS

Yearly savings
€73, €241, €42, -

Several conclusions can be directly obtained from the benefits. Firstly, when comparing the Basic and
Premium Customer, the HEMS is shown to achieve the highest savings when a higher share of household
consumption, or more appliances, are managed by the tool. Also, the higher the consumption of the
appliance is, the higher achieved savings.
In addition, the results show the savings for the Self Generating Customer are much lower in comparison
to the Premium Customer, even though they have the same appliances. This is because, although the price
during the night is lower than during most of the electricity consumptions are already covered with the selfgeneration during the day.
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5.5.3

Costs

To implement the HEMS in a household as a commercial solution, the customer would be responsible for
several costs. These costs have been discussed with the relevant InteGrid partners and we have considered
the following items:
-

-

HEMS: The sensitivity analysis studies the HEMs commercial price. A first estimation is based on
the development costs provided by INESC TEC. This cost is an initial one-off investment of €250 and
a subscription and maintenance cost of €10 yearly.
Residential Thermal Storage System: As it is needed for both the baseline (no HEMS) and the
scenario (HEMS), a cost of €361.59 yields a relative cost of 0.
Residential PV and Inverters: As it is also needed for both the baseline (no HEMS) and the scenario
(HEMS), a cost of €2000 yields a relative cost of 0.
Smart Home Appliance: Regular home appliances need upgrading to enable the interaction with
the HEMS. For the purchase of the equipment, we considered two types of customer:
o Customer who already owns regular appliance: In order to integrate the appliance with
InteGrid an upgrade of the regular appliance is needed.
o Customer that does not own regular appliance: In this case the difference of cost would be
the retail price difference between the smart appliance and regular appliance
The CBA considers the last type of customer, using a price of €200 as the difference between the
smart and regular appliance, and as the regular appliance upgrade.

These costs are summarized in for all types of consumers in Table 5-30, Table 5-31 and Table 5-32.
Table 5-30: Costs per customer type for the basic consumer

Baseline
Basic
HEMS
Residential Thermal
Storage System
Smart Home Appliances
Total

Relative
(scenario
baseline)

Scenario

-

CAPEX
€ 0,-

OPEX
€ 0,-

CAPEX
€ 250,-

OPEX
€ 10,-

CAPEX
€ 250,-

OPEX
€ 10,-

€ 362,-

€ 0,-

€ 362,-

€ 0,-

€ 0,-

€ 0,-

€ 726,€ 1,088,-

€ 0,€ 0,-

€ 926,€ 1.538,-

€ 0,€ 10,-

€ 200,€ 450,-

€ 0,€ 10,-

Table 5-31: Costs per customer type for the premium consumer

Baseline
Premium
HEMS

InteGrid

CAPEX
€0,-

Relative
(scenario
baseline)

Scenario
OPEX
€0,-

GA 731218

CAPEX
€ 250,-

OPEX
€ 10,-

CAPEX
€ 250,-

-

OPEX
€ 10,-
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Residential Thermal
Storage System
Smart Home Appliances
Total

€ 362,-

€ 0,-

€ 362,-

€ 0,-

€ 0,-

€ 0,-

€ 2.178,€ 2.540,-

€ 0,€ 0,-

€ 2.778,€ 3.390,-

€ 0,€ 10,-

€ 600,€ 850,-

€ 0,€ 10,-

Table 5-32: Costs per customer type for the PV consumer

Baseline

HEMS
Residential Thermal
Storage System
Residential PV
Smart Home Appliances
Total

Relative
(scenario
baseline)

Scenario

-

CAPEX
€ 0,-

OPEX
€ 0,-

CAPEX
€ 250,-

OPEX
€ 10,-

CAPEX
€ 250,-

OPEX
€ 10,-

€ 362,-

€ 0,-

€ 362,-

€ 0,-

€ 0,-

€ 0,-

€ 2.000,€ 2.178,€ 4.539,-

€ 0,-

€ 2.000,€ 2.778,€ 5.389,-

€ 0,€ 0,€ 10,-

€ 0,€ 600,€ 850,-

€ 0,€ 0,€ 10,-

€ 0,-

Based on these costs, the relative costs for the InteGrid solution for all three scenarios is as follows:
Table 5-33: Costs per customer type

CAPEX
(€)
Basic
€ 450,00
Premium € 850,00
PV
€ 850,00

5.5.4

OPEX
( €/year)
€ 10,00
€ 10,00
€ 10,00

CBA results

This HLUC assumes a discount rate of 5% and a lifetime of 12 years. The total cost of the basic scenario,
discounted over 12 years, is €543, based on €450/household CAPEX and €10/household/year OPEX. The
yearly benefit is €73,-/year, meaning spread over 12 years this is a total benefit of €680,-. As the benefits
exceed the costs the NPV after 12 years is positive for the basic customer type. The premium consumer
CAPEX is higher than the basic consumer: €850,- CAPEX instead of €450,-. However, with
€241/household/year electricity savings, the NPV is positive €1300,-, which is the highest NPV of the three
scenarios. In the PV scenario, the costs are equal to the premium scenario, but the electricity savings are
only €42,-/household/year, which is not sufficient to cover the costs. As a result, the NPV for the PVscenario is negative. The extrapolation to a full year is more debatable as the sun irradiation changes over
the months. However, the scenario used in the simulations considered an average day in terms of

InteGrid

GA 731218

103 | 118

D7.4 - CBA Methodology and Results

irradiation. For this reason, it is believed that the extrapolation to the whole year will bering higher benefits
in summer but lower in winter, averaging to the considered scenario.
Table 5-34: CBA results Portugal HLUC09

CBA results (€
2020)

Total discounted
costs (€/household)

Total discounted
benefits (€/household)

NPV
(€/household)

HLOC09 - Basic

€ 543,-

€ 680,-

€137,32

HLOC09 Premium

€ 943,-

€ 2,2K

€1.3K

HLOC09 - PV

€ 943,-

€ 394,-

-€549,-

5.5.5

Sensitivities

This HLUC uses a dynamic tariff electricity price. Due to the great volatility of these tariffs, a sensitivity study
has been performed. Maintaining the same electricity consumption reduction, a higher electricity price will
lead to more costs savings and therefore a higher benefit and higher NPV. This sensitivity aims to assess
how much the profitability of this HLUC depends on the electricity price, and by how much the price needs
to be increased for the solution to be economically viable. The figure below shows the relation between
the electricity price and the NPV for all three scenarios.

Electricity price change vs NPV
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Figure 5-24: Sensitivity: Electricity price per customer type

All three scenarios show a linear relationship between electricity price and NPV, albeit with differing
gradients and starting points. A reduction in the electricity price reduces the benefits, and for the basic and
premium scenarios, leads to a negative NPV.
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In the basic scenario, a price reduction of at least 20,2% leads to a negative NPV, while in the premium
scenario, a price reduction of 58% leads the CBA to become negative, however it should be noted this is
unlikely to happen in the near future.
At present, the PV-scenario leads to a negative NPV. Therefore, an increase in electricity price is required
to reach positive results. Results from the sensitivity analysis show an electricity price increase of 139,2% is
needed for the PV-scenario to lead to a positive NPV. This is also highly unlikely to happen in the near future.
As it is the interest to develop solutions economically attractive to the customers, a sensitivity analysis has
been performed on the cost of the solution.

Cost reduction
2500
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NPV
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-1000
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PV

Figure 5-25: Sensitivity: Cost of the HEMS per customer type

All three scenarios show a linear relationship between the cost reduction (in %) and the NPV. The Basic
consumer and the Premium consumer had both already positive NPVs which is further increased as the
costs are reduced.
On the other side, the PV consumer would have a positive NPV if the costs where reduced by 64%. This
happens because the benefit that the HEMS achieves for this customer is lower, as mentioned above.
The next table shows the absolute costs based on the reduction proposed in the sensitivity analysis:
Table 5-35: Final costs after applying the reduction

Cost Reduction
Total Costs (€)

InteGrid

25%

50%

75%

Basic

Smart Appliance (1)
HEMS (1)

450

338

169

42

Premium

Smart Appliance (3)
HEMS (1)

850

638

319

80

PV

Smart Appliance (3)
HEMS (1)

850

638

319

80
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5.5.6

Conclusion

The results show the success of the solution is heavily dependent on the type of customer who installs the
device. Due to the low operating margin of the basic customer, the benefits observed were low. As the PV
customer consumes most of the electricity they generate, taking electricity directly from the grid obtains
lower benefits. The best results are witnessed for the premium customer as the HEMS is able to take more
decisions regarding the economic efficiency of the equipment.
To assess the robustness of the results, the electricity price was used as a variable in the sensitivity analysis.
Increasing the electricity price can generate greater benefits through increasing the value of the flexibility,
reducing the electricity price, as expected, gives the opposite effect.
The findings from the basic scenario are the least robust as an electricity price reduction of only 20.2% leads
to a negative NPV – this is a significant reduction, but not implausible.

HLUC10: Aggregate and communicate multiperiod behind-the-meter flexibility from LV
prosumers.
5.6.1

HLUC description & methodology

For this HLUC, several office buildings have been upgraded to enable them to provide their flexibility in the
ancillary services market. This flexibility is obtained from the Heating Ventilation Air Conditioning (HVAC)
systems which can be switched off to provide upwards flexibility taking advantage of the thermal inertia of
the system. The amount of time that this flexibility can be supplied is limited since the temperature and
ventilation of these buildings needs to be maintained within the comfort limits established.
Although aggregators are not yet a recognized figure in Portugal, it is expected that some parties, such as
EDPC will be enabled to collect flexibility coming from different sources, including office buildings, and bid
it in the market in an aggregated manner. Later, EDPC will distribute the booked flexibility among its
customers. In this case, the CBA has been applied to one of the buildings in which this solution has been
implemented to assess the individual potential of the solution for the building owner.
As mentioned, this solution is not yet possible in the Portuguese market as aggregators are still not able to
participate in the market. For this reason, the business model is not yet clear and this CBA can be used as a
first approach for it.

5.6.2
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In the ancillary services market, the flexibility can be bid on the secondary reserve market (aFRR) or the
tertiary reserve market (mFFR). While the first option has a double income, since both the capacity and
activated energy are paid by the TSO, the second option (mFRR) only receives payments from the activated
energy. For this reason, the first option is more economically viable and thus, it is this one we have
considered for the analysis.
To quantify the potential revenue from the ancillary service market, it is first needed to assess the available
flexibility in the buildings. This flexibility has been obtained in the following steps:
1. Flexibility profile provided by AIT for 8 months. This profile is shown in Figure 5-26 for one of the
days. AIT has simulated with an internal tool the profile of flexibility the building can provide, using
EDPC input from observations in the buildings.

Available Flexibility
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Figure 5-26: Estimated flexibility by AIT of a sample day

These simulations have several limitations such as the temperature range, for convergence purpose
it was set wider (18 to 25°C) compared to the actual temperature range of the building for comfort
purpose (21-23°C), which leads to overestimated results. Additionally, the model used in the
simulations was linear while the behaviour of the building is not.
2. EDPC provided actual flexibility values observed in the demo. These values ranged between 15 and
20 kW per hour. This mismatch in the results is caused by limitations in the simulations. As
mentioned above, due to convergence issues the actual temperature ranges used in the buildings
cannot be simulated with AIT tools. Additionally, this model is linear while the building behaviour
is not. All this resulted in an overestimation of the available flexibility at the building.
3. In order to make the flexibility profile as close to values observed in the demo as possible, the
flexibility profile from AIT was scaled down to match the provided values by EDP. This was achieved
by normalizing the input matrix provided by AIT and assigning the lowest value to the lowest
observation by EDPC (15kW) and the highest value to the highest observation (20kW).
4. The flexibility matrix provided by AIT only covered 8 months of operation due to the building
available data. To obtain the flexibility for a full year, the year was assumed symmetrical (in terms
of environment conditions since it is the main driver of the HVAC operation) and the first 6 months
have been used to reconstruct the rest of the year.
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Figure 5-27 shows an example of the final flexibility matrix for one day of the year:

Available Flexibility
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Figure 5-27: Available flexibility of a sample day

Since the flexibility is obtained from the building HVAC system, to maintain the comfort temperatures in
the building it is not possible to do more than two flexibility activations. Therefore, only two flexibility
activations are considered being the first one at 6:00 am so the building can recover the comfort
temperatures before the start of the working day, and at 18:00 right after the end of the working day.
This approach means one activation is done every 12 hours, minimizing the impact on the building
temperature. Once the flexibility has been quantified, the income can be calculated. For this purpose,
2018 real data obtained from the Portuguese TSO has been used. As mentioned previously, the flexibility
will be bid in the secondary reserve market (aFRR), which has two different concepts:
-

-

Capacity payments: since flexibility from the building does not have a high opportunity cost, it is
considered that all the bids done by EDPC in the market are accepted. This is possible since the
prices of the bid can be managed to always be lower than the marginal price of the capacity in the
aFRR market (even the bid price can be 0, so the offer is always affected, in the same way as
HCLU08), due to the mentioned low opportunity cost. The final income is then calculated by
multiplying the hourly flexibility available obtained in previous steps and the marginal price
obtained from the Portuguese TSO for the capacity of the aFRR.
On the other hand, for the energy activations, the same approach can be followed which consists
in bidding at a very low price where you want to be activated (6:00 and 18:00) and at a higher
price when you do not want to be activated. This approach allows the building to activate all the
flexibility when it is more convenient. Knowing the activated flexibility and the prices the total
income can be calculated.

Aggregating these results for a whole year, the total income is displayed in Table 5-36.
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Table 5-36: aFRR benefits
Benefit
aFRR - Band

€2.1K

aFRR - Energy

€872

Total

€2.9K

It must be noted that those are the total benefits calculated from a theoretical participation in this market
(if it was possible to do so). From a retailer or service provider point of view, it would be necessary to
share these benefits to cover the costs incurred, which would further diminish the potential benefits for
the flexibility provider.

5.6.3

Costs

The developers of the HLUC have provided the required items for the implementation of the solution.
Only one equipment is needed. It is called Auxiliary Meter Equipment and it is a type of RTU that is used
for the communications between EDPC and the building and is able to actuate on the building HVAC
system.
This case is applicable in the buildings used in this test case, in which control and monitoring equipment
were already installed in the buildings as part of a building management system. Therefore, it was only
necessary to install equipment that would communicate and act on the existing systems. Although other
buildings may not have the centralized thermal management platform in place, the investment of this
system has not been considered since it would not be only for the purpose of selling flexibility.
There are other tools that are required for enabling the building to participate in the Ancillary Services
market such as the VPP or gm-hub. However, it has been assumed that this is covered in the payments to
the aggregator who is in charge of the technical viability of the solution. For this reason, this CBA does not
consider any further costs. Table 5-37 shows the cost summary.
Table 5-37: Costs for HLUC10 solution
CAPEX
[EUR]
Auxiliary Meter Equipment

5.6.4

€2,7K

OPEX
[EUR/year]
€579.-

CBA results

This HLUC applies a discount rate of 15% and a lifetime of 12 years. The benefits of €2,9k/year results in a
total discounted benefit of €18.3k. On the other hand, the CAPEX of €2,7k and OPEX of €579,-/year leads
to a total discounted costs of €6,3k. As a result, the outcome of this CBA is positive, with an NPV of €12.0k
over a period of 12 years. These results are shown in the table below:
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Table 5-38: CBA results Portugal HLUC10

CBA results (€ 2020)

Value

Total discounted costs
Total discounted benefits
NPV

€ 6.3K
€ 18.3K
€ 12.0K

A sensitivity was conducted to assess the effect of the aFRR activation probability on the profitability of this
HLUC. This is described in chapter 5.6.1.

5.6.5

Sensitivities

The aFRR benefits have two components, both with their own contracting or activation probability: the
aFRR capacity benefits and the aFRR energy benefits. For both, an increase in activation probability leads
to an increased benefit. In the baseline it has been assumed that a 100% of the band bid in the aFRR market,
however this may not always be true. The next figure shows the parameter sensitivity. In the same way,
based on the TSO data from 2018, a 28.9% of activation rate has been considered. This parameter is not
fixed so a sensitivity analysis has been performed on it.

HLUC10 - activation probability vs NPV
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NPV
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Figure 5-28: Sensitivity: activation probability

As can be seen, both for energy and capacity, the activation probability has a linear relation with the NPV.
The activation probability for capacity can be decreased from 100% to 34.1% before the NPV reaches zero
and the HLUC starts to make a loss. For energy benefits, the activation probability can even be decreased
to 0% while still resulting in a positive NPV. This means that there should be an actual loss in this benefit
before the NPV becomes negative, which is not possible in practice.
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This shows that, as expected, the main parameter is the capacity payments in the ancillary services market,
and it can withstand heavy variations on the bid acceptance. Finally, as the energy activation income is only
a low proportion of the total income, its variation does not have a major impact and can be extensively
modified without compromising the profitability of the tool.

5.6.6

Conclusion

The results from HLUC10 show it is an economically viable solution. A sensitivity analysis was performed on
the activation probability of the aFRR bids, to assess its impact on the results. The sensitivity analysis shows
that the results of this HLUC are robust; activation probability can vary significantly without changing the
conclusion of this HLUC.
Based on the benefits observed, a fee from the aggregator could be assumed. A share by 50% of the total
income could be assumed, although it would reduce the benefits drastically, the NPV is still positive and
around €5k.
In conclusion, the results for ancillary service provision from building flexibility, show a positive business
case as most of the required infrastructure is already in place needing minor investments in assets.

InteGrid

GA 731218

111 | 118

D7.4 - CBA Methodology and Results

6 Overall conclusion
This CBA has examined a variety of concepts across three demo countries: Portugal, Sweden and Slovenia.
Since the CBA is executed on an HLUC-level, results and conclusions are presented on an HLUC-level, as well
as for each demo in chapters 3, 4 and 5. To provide insight into the most important project findings, this
chapter provides a qualitative summary of the CBA analysis, organized broadly by topic.
The CBA analyzed the economics of flexibility versus grid investment, from both the DSO’s perspective
(HLUC01) and the VPP’s perspective (HLUC12). The findings for HLUC01 varied between the demo countries,
with the Slovenian demo showing a very positive outcome, but the Portuguese demo showing a negative
outcome.
The different outcomes stem from the different impacts of flexibility assumed in each case. In the Slovenian
demo, flexibility allows a certain percentage of investments to be avoided, while in the Portuguese demo,
defined grid investments are only deferred for two years. In addition, conventional grid investments in the
Slovenian demo were significantly higher compared to the Portuguese demo, leading to higher potential
savings.
It was also found that the main driver of the solution is the flexibility cost. As in the Portuguese demo the
flexibility need in the analysed region, considering a bigger region such in the Slovenian demo, operational
synergies can be found leading to a positive CBA.
The assessment of the VPP’s perspective was conducted in the Slovenian demo and produced positive
results. This outcome strongly depends on the flexibility price paid by the DSO to the VPP. Sensitivity
analysis shows that increasing the flexibility price can result in a more equal distribution of the benefits
between the VPP and the DSO.
The Portuguese demo includes a comparison between flexibility and curtailment (HLUC02). In contrast to
the comparison between flexibility and grid investment, covered in HLUC01, the comparison between
flexibility and curtailment yields positive results with respect to flexibility. From the analysis into the
comparison between flexibility, curtailment and grid investment, the following can be concluded:
•
•

•

Implementation of flexibility to avoid grid investments can yield benefits, but depends strongly on
the country, the grid, its size and the investments required;
The economic viability of the provision of flexibility by the VPP depends strongly on the load
shedding price paid by the DSO; this price should be set in such a way that, when the business case
for the DSO is positive, the VPP should also be able to generate a benefit;
Based on results from the Portuguese demo, flexibility seems like a more economically interesting
solution than curtailment of DER’s.

The CBA, in HLUC03 and HLUC04 in the Swedish demo, also assessed the potential benefits of predictive
maintenance and advanced fault location in transformers. The results show a positive CBA-outcome for the
application of the advanced fault location system (HLUC04); the benefits from avoided customer minutes
lost exceed the costs for the advanced fault location system.
When comparing predictive maintenance (PM) with time-based maintenance (TBM) in HLUC03, the results
depend on the type of transformers. HV/MV transformers seem to yield positive CBA-results, while for
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MV/LV transformers, the costs for PM are higher than the costs for TBM, leading to negative results.
However, the sensitivity analysis shows that there are a lot of uncertainties in the input data used for
HLUC03 (e.g. transformer condition, maintenance time and costs and the ENS price) and that this has a
strong impact on the results and conclusions. Therefore, further research into these uncertain input
parameters is needed before reliable conclusions regarding PM-TBM can be drawn. HLUC03 and HLUC04
are only included in the Swedish demo, therefore, a comparative analysis between different countries for
this HLUC is not possible.
HLUC08 and HLUC10 in Portugal investigated the provision of flexibility by a Water Resources Recovery
Facility (WRRF) and by office buildings, with both showing positive results. The WRRF (HLUC08) analysis
shows significant benefits can be achieved through offering flexibility on the mFRR market, in addition to
creating process optimization. Furthermore, the flexibility generated from office buildings, as seen in
HLUC10, is sold on the aFRR market, leading to significant benefits that cover the costs.
In HLUC09 and HLUC11, a HEMS and a social network were implemented, both aimed to improve the energy
consumption in households. The HEMS installed for HLUC09 is capable of automatically controlling
electrical devices in households; this HEMS was analysed in the Portuguese and the Swedish demo, with
the results in both circumstances found to vary in accordance with the type of household. Specifically, for
the Swedish demo, the results show the energy consumption in family apartments is harder to manage and
therefore cannot provide a viable business case. In contrast, the results for single apartments and 2member apartments show a positive CBA-outcome.
The Portuguese demo showed the best results for premium consumers, followed by basic consumers. On
the other hand, consumers with PV-systems show negative results, since most of the consumed energy is
delivered by the PV-systems, thus savings in grid-provided electricity are lower. The social network LocalLife
has only been considered in the Swedish demo and is, as opposed to the HEMS in HLUC09, not able to
actively control assets. Instead, this social network aims to advise the consumer on their energy-related
behaviour. In general, the benefits were slightly lower than in HLUC09, but the costs were much lower,
leading to positive results. In HLUC011, no distinction was made between different household types, and
the HLUC was only performed in the Swedish demo. In Both cases, the margins per household that can be
made are thin. Therefore, applying LocalLife only works when other costs (e.g. project development,
consulting, repair) per household are kept low. This can be achieved by applying it to a large number of
households at the same time, leading to economies of scale.
In conclusion, various results are obtained from the different demos and HLUCs. Findings from the CBA
show that the outcome of smart grid projects depends on various factors, including specific market
conditions, flexibility prices, country specific regulations and asset costs. The sensitivity analysis undertaken
for each HLUC provides further insights in how these factors influence the results. The insights from this
CBA can support decision makers to select the best technologies and provide enhanced knowledge into the
various factors that may inform the direction of development of future smart grids.
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Annex I – Survey circulated to the DSO partners within HLUC02*
Update network performance data
Real time information on grid state
on voltage quality
Reduced Distribution Equipment Maintenance Cost
Relevance
Identification/correction errouneous data gathered form SM
Relevance
Increase situation awareness of the grid
Relevance
Alarm triggering based on probability markup
Relevance
Direct
benefits

Autonomous control of a substation
Relevance
Detect grid violations
Relevance
Monitoring of network assets
Relevance
Reduce operation cost
Relevance
Topology of the grid is not needed
Relevance
Reduced sustained outages
Relevance
Reduced restoration Cost
Relevance
Reduced sags and swells
Relevance

Increase RES hosting capacity
Relevance
Indirect - Reduced grid violations
potential Relevance
benefits out Data for grid planning - Deferred Distribution Capacity Investments
of its data Relevance
Quality of supply
Relevance
Reduced distribution equipment maintenance cost - less risk of stranded assets
Relevance
Maximize exploitation of flexibility network resources minimizing it costs
Relevance
Additional benefits - please fill…

Functionalities
Low hardware requirements - can
be deployed locally at the
substations

Probability markup of scenario
estimations

Low cost solution - few meters
needed

Annex II – Three days consumption with and
without HEMS for different customer types
Figure A-7-1: Three days consumption profile for the Basic Consumer without HEMS
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Figure A-7-2: Three days consumption profile for the Basic Consumer with HEMS
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Figure A-7-3: Three days consumption profile for the Premium Consumer without HEMS
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Figure A-7-4: Three days consumption profile for the Premium Consumer with HEMS
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Figure A-7-5: Three days consumption profile for the Self generating Consumer without HEMS
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Figure A-7-6: Three days consumption profile for the Self generating Consumer with HEMS
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