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Abstract

Electricity production rom renewable energy sources (RES) is characterized by its distributed
nature and geographical dispersion o production acilities. Recently, energy storage has become
both easible and economically viable or residential installations. Theways the residential energy
production and storage systems can be best exploited or the benet o their owners and the
community are to subject o on-going research. A recent proposal involves commercial
aggregation o the dispatchable electricity via the integration o the residential storage into a
distributed virtual power plant (VPP). In this paper we report on work conducted in the context o
the TRUST-PV H2020 research project, discussing specically the modelling, creation, and
eventually pilot implementation o a virtual power plant -based on rootop PV and residential
batteries-, under a ne-grain control scheme. Residential production/storage resources are
shared by their owners with a centrally managed/distributed controlled VPP. INACCESS’s state-
o-art UNITY RES asset management platorm is used or themanagement o the VPP, interacting
with the residential power assets through custom and lightweight residential power controllers
(RPCs). We present the control architecture, the business actors’ involvement, and the proposed
service oerings.

1.  Introduction

An eective management strategy or a residential energy system that comprises renewable
generation with storage assets requires to consider a set o objectives, limitations and specic
conditions. Strategy implementation is distributed between on-site (edge) controllers and central
(cloud)management. Theaimo thiswork is todeneapplicablebusiness cases and couple them
with eective control strategies. Firstly, the research backgroundo the study is outlined including
a literature review o control strategies on residential VPPs as well as technology control and
monitoring tools, such as the Unity platorm. Secondly, the residential VPP context as explored in
Trust-PV H2020 is presented together with the pilot site that will serve as a validation testbed.
Finally, the applied control strategies are presented and the resulting conceptual architecture o
a residential VPP platorm that could acilitate the intra-VPP operations and serve as a tool o a
third-party aggregator or an energy community.
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Nomenclature

BESS Battery Energy Storage System

CMSCentral Monitoring Platorm

DER Distributed Energy Resource

ESS Energy Storage System

EV Electric Vehicle

HMI Human-Machine Interace

PoI Point o Interconnection

PPA Power Purchase Agreement

PPC Power Plant Controller

PV Photovoltaic

REC Renewable Energy Community

RES Renewable Energy Sources

RTU Remote Terminal Unit

SCADA Supervisory Control And Data Acquisition

VPP Virtual power Plant

2.  Technology Background

The sel-consumption maximization context is to utilize the energy generated rom local RES or
load coverage primarily at the time o production and secondarily through time shiting rom the
battery. The batteries in general improve sel-consumption rate, limiting the interactions with the
grid (concerning both grid imports and eed-in power). This strategy canbeapplied at an individual
household (through a local controller) and is also valid at community and/or portolio level (with
distributed control). “Collective sel-consumption” or “Community Energy Balancing” business
cases are usually applied with reerence to a substation that is the Point o Interconnection (PoI)
with the upstream network.

In the work o Matthias Resch [1] the above scenario is described with the addition o reactive
power compensation using cosφ(P) control.

Another ESS strategy is to schedule the battery charging during specic hours o the day in order
to keep the eed-in power under a specic limit. In other words, this strategy maintains the
amount o energy exported but distributes it to a predened time period in order to keep the
exported power under specic thresholds. In the works o J. Struth [2] and Y. Ueda, 2007 [3] the
typical time shiting strategy was introduced upon a specic time schedule.

The batteries play an important role in the residential fexibility portolio and can be utilised in
several dierent manners. In the work o (Hossain, Pota, & Moreno [4] the battery cannot provide
energy to the grid but only to the domestic load based on operational cost eiciency rules.
However, it can be charged rom both the residential PV and the Grid.

In Worthmann et al [5] our dierent control strategies are studied in a comparative manner in a
test case that addresses reserve power fow elimination and voltage constraints management in
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an LVdistribution grid.Only the local control scheme comprises simple rule-based logic. All other
approaches are based on load and RES generation orecasts as inputs in an economic Model
Predictive Control (MPC) problem. The “Centralised Model Predictive Control” algorithm in [5] is
used to reduce the aggregated variation in energy usage across the network. In the“Decentralised
Model Predictive Control” algorithm each individual entity implements their own local control
logic. The main advantages o this approach are the reduced communication overhead and
computational complexity as well as the consequent scalability. However, such an approach is
considered by Karl Worthmann, as unlikely to achieve optimal overall behaviour at global level.
Finally, the work o Ranaweera [6] combines the local and central control as rst and second level
decision making into a unied “distributed” concept which seems a promising option.

The Trust-PV research ramework attempts to connect the control strategies applied at simulation
level will a real-lie living lab that will provide signicant eedback with regards to model
applicability as well as user acceptance.

2.1  Unity Platform

Unity is a state-o-the-art Hybrid SCADA and real-time big data platorm or RES power plants,
integratingmodern technologies andconcepts tomaximize capacity and speed,minimize latency
and optimize the operation o all controllable assets. The platorm provides monitoring, control,
grid, and market integration or solar, wind, battery, microgrid, and hybrid assets, allowing
capabilities and services that unlock new revenue streams and value.

Deployed locally and centrally, Unity oers unparalleled fexibility and a uniorm approach or the
operation o RES power plants. The local (edge) suite includes the eld and plant SCADA, the
Power Plant Controller (PPC) and the Grid Integration RTU. It eectively implements extensive
controls or seamless grid integration and eicient market participation and oering all the
necessary tools or the asset’s operation, perormance evaluation and optimization. Centralized
in the cloud or on-premises, Unity oers remote access to multiple asset classes, integrating
events, alarms, and operations control center HMIs into a single platorm or ease o operations
and real-time responsiveness [7].

Within the Trust-PV research ramework, a customizedUnity platormwill evolve into a useul tool
suite or the aggregator acilitating portolio monitoring and application o complex control
strategies to multiple assets.

2.2  VPP as part of INACCESS service offering

A Virtual Power Plant (VPP) comprises a set o diverse technology assets combining variable RES
(either PV or Wind) with dispatchable storage and/or generation assets that enhance its overall
fexibility. Inaccess Unity portolio o leading renewable energy and battery storage control as well
as hybrid plant grid integration, accommodates Virtual Power Plants oering three key interaces,
namely with:

• The electricity market operator, which produces pricing and demand signals as well as
capacity requests.

• The distributed asset owners and operators, which relay inormation about the readiness
o assets with regards to themarket requests.
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• The grid operator, which ensures compliance with grid codes and operational constraints
[8].

Figure 1: Schematic diagram o the Inaccess integrated VPP platorm [8]

The grid operator interace requires eld and plant SCADAs, or device-level data acquisition and
plant-level control respectively, which are standard in any renewable energy plant. Additionally,
there are additional requirements or a VPP to be able to participate in balancing markets: the
inrastructure must be equipped with a power plant controller (PPC) and a remote terminal unit
(RTU) acting as a grid interace.

Furthermore, there is a need or a central management system (CMS) and asset management
platorm to enable VPP communication with the distributed assets under its control. And to work
in response to market signals, the VPP must have an integration platorm that is capable o
orecasting, energy management (particularly or VPPs incorporating battery storage), physical
optimization, day-ahead and intraday bidding, settlement and daily, weekly or monthly reporting
[8].

Inaccess oers a ull suite o technologies required or VPPdevelopment, romSCADAs and PPCs
to analytics, reporting and market integration platorms. These products have been developed in
partnership with utilities, oil and gas rms, developers, investors, engineering, procurement and
construction (EPC) contractors, operations and maintenance teams and asset managers, and
tested across an installed base omore than 32 GW o capacity.

3.  VPP in the Residential Context

As a concept, the residential VPP represents the aggregation potential and combined
management o prosumer-owned, residential energy resources.

A residential VPP requires:

i. A portolio o prosumers that have buildingswith small-scale PVs and storage systems.

ii. A VPP Platorm or the management o the distributed energy resources as an
aggregated fexibility portolio.

iii. Rules and processes or the management o pooled resources.
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Figure 2: Pilot site set-up design

An appealing business case or a VPPwhose available assets are in geographical proximity, which
could in other words qualiy as a Renewable Energy Community (REC), is the “optimization o
community energyprole”or otherwise“collectivesel-balancing”. This constitutes theutilization
o local distributed energy storage resources in order to increase sel-suiciency based on locally
produced renewable electricity generation.

Such an application can be supported by a business model based on a price mechanism (e.g.,
dierence in grid-supplied electricity costs and the eed-in tari, etc.) [9].

Another business model that applies to VPP portolio -with ewer restrictions in terms o
geographical proximity- is the fexibility aggregation rom the combination o RES, storage and
controllable demand in order to create revenues rommarket participation. The service oerings
may vary between:

• Frequency-related services in ancillary markets

• Optimized price-based dispatch in wholesale markets

Besides the market-based interactions, another easible business scenario includes a Purchase
Power Agreement (PPA) between the VPP and an Energy Producer (e.g. PV+BESS generator).

There are already indicative pilot installations, such as the Tesla VPP o 50MW in Caliornia. The
incentive mechanism is promising, valorizing the oered fexibility provided during grid
emergency with a high unit price, namely 2$/kWh. However, the concept is considered to be
immature and the business model “fuid” showing signicant issues to be resolved [10].

At prosumer level, the fexible resources could also include Electric Vehicles (EVs) through
controllable charging and demand response besides a rootop PV coupled with a battery. Smart
metering is also required in order to provide eedback with respect to the energy infows and
outfows rom/to the upstream network. Finally, a local energy management system is essential
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to acilitate the applications o prosumer-level control strategies, such as scheduled import/
export energy, sel-consumption maximization, etc.

Figure 3: Domestic fexibility resources

4.  Ex-ante Analysis & Control Strategies

A set o ex-ante simulations have been perormed by the project partner EURAC, to test a model-
based dierent Renewable Energy Community business models, such as “collective sel-
suiciency” or utility PPA schemes, realized through “peer-2-peer” energy sharing.

With reerence to the outcome o the calculations, relevant control strategies will be applied at
the TRUST-PV living lab in Netherlands in order to check applicability beyondmodel easibility.

According to the preliminary study on the applicable control strategies o residential ESS, two
building-level control strategies have been selected as means to apply the aggregated resource
optimization:

i. Building-level sel-consumption maximization while preserving grid constraints
management: The objective is to achieve maximum utilization o locally produced
renewable energy to directly cover the load. In case that the PV is lower or higher than
the load requirement, the battery contributes through charging/ discharging based on
its electrochemical limitations. The grid interactions constitute the last and least
preerable choice which is employed when the PV production and storage fexibility do
not meet the exact load requirements. Some basic rules o this operation mode are
presented as ollows:

The advantage o such a businessmodel at community level is the independence o
each prosumer in terms o system sizing and nancial investment. Each household
can independently decide the energy resources and level o sel-consumption since
there is no shared community asset. The additional community-level control that
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could be employed is mainly ocused at reactive power control or proper grid
constraints management. I there is a need to adjust the reactive power to the
household with high grid eed-in fows.

ii. Collective sel-suiciency through scheduled power sharing during specifc time
slots: The objective is sel-suiciency at aggregated level. As per the global
optimization, a schedule is created or eed-in time intervals rom the household to the
grid. The battery will keep charging only locally rom the PV.

5.  VPP Platform Architecture

At the aggregated/ portolio/ community level, the research objective is the denition o a SW
architecture or the Residential VPP-platorm and the distribution o unctions between the local
residential controller and the central VPPmanagement entity.

In terms o essential unctionalities, such a platorm shall be able to:

i. Provide perormance analytics and perormance guarantee monitoring or BESS (in
case o a centralized solution).

ii. Provide web-based remote user interaces or power control and perormance
netuning.

iii. Receive weather orecasts rom third-party providers and VPP power dispatch signals
rom the grid operator, when applicable.

iv. Dispatch setpoints and/or schedules to household ESSs.
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Figure 4: Residential VPP platorm architecture.

The optimization-based scheduling algorithm requires to:

1. Model the technical and business constraints on community/ portolio level.

2. Model the technical and business constraints on building/prosumer level.

3. Model the storage assets’“physical”constraints (SoC,max/min power/energy limits, etc.)

The objective unction should be cost minimization considering cost o penalties, asset lie cycle
costs, as well as opportunity costs o various types (e.g., PV curtailment, etc.).

6.  Conclusions

In the present work the applicable business models and control strategies have been presented
in terms o the ex-ante pilot analysis. Ater the pilot completion and the testing validation
procedures, more conclusions will be available which will serve as basis or an overall ex-post
easibility analysis.

On top o this technoeconomic study, incentive schemes could be evaluated or both cases o
shared community assets or implicit demand response business models. Through the presence
o a living lab, this analysis could be accompanied by user engagement evaluation which will
provide useul outcomes to take into account in the design o service oerings given that a sound
scalability analysis takes place.

Acknowledgements

This work has received funding from the Horizon 2020 programme of the
European Union under GA. No. 952957–Project TRUST PV.
Special acknowledgements to project partners EURAC, HUAWEI and
Solarmonkey that actively contribute to the realization of the Residential VPP
framework.



Vasiliki Katsiki et al.

Empowering residential energy resources through virtual power plants aggregation:
The TRUST-PV proposal

323

References

[1] Matthias Resch, B. R. (2015). COMPARISONOF CONTROL STRATEGIES OF RESIDENTIAL
PV STORAGE SYSTEMS. 9th International Renewable Energy Storage Conerence and
Exhibition (IRES). Messe Düsseldor

[2] J. Struth, K. K. (2013). PV-BENEFIT: A critical review o the eect o grid integrated pv-
storage-systems. 8th International Renewable Energy Storage Conerence and Exhibition
(IRES).

[3] Y. Ueda, K. K. (2007). Study on the overvoltage problem and battery operation or grid-
connected residential PV systems. 22nd Eur. Photovolt. Sol. Energy Conerence, (pp.
3094–3097).

[4] Hossain, M. A., Pota, H. R., & Moreno, C. M. (2019). Real-time Battery Energy Management
or Residential Solar Power System. IFAC (pp. 407-412). Science Direct.

[5] Karl Worthmann, C. M. (2015). Distributed and Decentralized Control o Residential Energy
Systems Incorporating Battery Storage. IEEE Transactions on Smart Grid, 6(4), 1914-1923.
doi:10.1109/TSG.2015.2392081

[6] Ranaweera I, M. O.-M. (2017). Distributed Control Scheme or Residential Battery Energy
Storage Units CoupledWith PV Systems. Renewable Energy.
doi:10.1016/j.renene.2017.06.084

[7] https://www.inaccess.com/
[8] Virtual Power Plants: Creating value through renewable energy asset aggregation

platorms. Inaccess White paper. October 2021
[9] Elke Klaassen and Marten van der Laan. (2019). Energy and Flexibility Services or Citizens

Energy Communities. USEF.
[10] https://electrek.co/2022/08/18/teslas-virtual-power-plant-rst-event-helping-grid-uture/
 
 


