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Household installation of PV and ESS is increasingly adopted to lower electricity costs and enhance backup 
power availability.

Background

Source: McKinsey & CompanySource: IEA 

By 2030, solar PV is projected to be the largest renewable 
energy source, contributing ~80% of global capacity 
growth from 2024–2030, driven by utility-scale projects 
and rising rooftop adoption.

Residential BESS is projected to expand rapidly, supported by 
falling costs, higher electricity prices, and stronger government 
incentives, enabling wider integration with PV systems through 
2030.

Source: gridX
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Location & Sizing HEMS Grid Support

Source: Tesla

DERs (PV & ESS)  location and sizing, HEMS, and grid support are key to maximizing PV/ESS revenues, but 
fragmented benchmarking and low transparency can yield divergent and unreliable results for end users.

Background

Source: Sigenergy Source: gridX

Tesla, Huawei, and other leading companies have 
developed advanced tools to optimize PV and ESS 
sizing under specified conditions.

Results vary across platforms due to differing 
technical methods and business considerations.

The absence of standardized scenarios hampers 
the evaluation of system sizing and energy 
management algorithms.

Proprietary datasets impede fair and transparent 
comparisons of vendor performance.

Participation in grid support markets—such 
as FCR and imbalance optimization—through 
VPPs can generate new revenue streams.

However, systematic evaluation of 
residential DERs in VPPs remains limited.



PV & ESS R&D (2012), Energy Hub (2019)

Background

1 2

Dr. Tao Sun published a 
systematic feasibility assessment 
of PV and ESS for the United 
States in Nature Energy.

Multi-energy system PHIL  (2024)

3
DER Evaluation (2025)

Dr.-Ing. Anurag Mohapatra established 
a PHIL platform for multi-energy 
systems in a microgrid context, which 
supports multi-family, multi-carrier 
(heat and electricity) simulations

Dr. Rui Li installed his first PV and ESS 
on campus in 2012, and published a 
study on Energy Hub market 
participation in IEEE TSG, recognized 
as an ESI Highly Cited Paper.

Head of AI Department, EcoFlow

Ph.D., Tsinghua University

Group Leader, CoSES, TUM

Ph.D., Technical University of Munich

Postdoctoral Scholar, 
Stanford University

Ph.D., Stanford 
University

Teams from China, Europe, and the US addressed complementary phases of residential DERs, combining expertise to 
advance benchmarking via open-source collaboration.



Location Sizing HEMS Grid Support

1 2 3

Framework & Method

Decision-making over the lifecycle of DERs (PV, ESS) can be modeled as an optimization problem with 
varying decision variables, objectives, and risks, across time horizons from 1 day to 15 years.



Framework & Method



Sun, Tao, et al. "Solar and battery can reduce energy costs and provide 
affordable outage backup for US households." Nature Energy (2025): 1-16.

Framework & Method

• Example  for Location & Sizing & HEMS

Li, Rui, et al. "Participation of an energy hub in electricity and heat distribution markets: 
An MPEC approach." IEEE Transactions on Smart Grid 10.4 (2018): 3641-3653.

• Example for VPP



- Non-export Setting

Dataset & Preliminary Result — Location & Sizing

Source: SAS

Over 500K household



• NEM Setting

Dataset & Preliminary Result — Location & Sizing

Source: SAS



Dataset & Preliminary Result — Location & Sizing

• NBT Setting

Source: SAS



-NEM

Dataset & Preliminary Result — Location & Sizing

-NBT



• Germany

Dataset & Preliminary Result — Location & Sizing

Source: Solar Energy 

solar resource potential 



• Selected US Case

Dataset & Preliminary Result — HEMS Evaluation

10kWp PV +  10kWh ESS + TOU



• Selected UK Case

Dataset & Preliminary Result — HEMS Evaluation

10kWp PV +  20kWh ESS + Octopus dynamic tariff



• Selected Germany Case

Dataset & Preliminary Result — HEMS Evaluation

10kWp PV +  10kWh ESS + Dynamic tariff



Platform Integration

Universal description language connecting system 
topology to constraints within HEMS framework. Benchmark capacity for PV and ESS derived from system location and sizing analyses.



Platform Integration — HEMS Comparison

• Baseline:
• Grid-only
• Grid + PV
• Self-consumption

• Advanced:
• AI-TOU
• Battery health-aware
• MPC

Integrated with multiple HEMS algorithms 
and supports adding new 3rd ones.

Supports sensitivity analysis over:

- PV capacity
- ESS capacity
- Load consumption level
- Grid export limit



Platform Integration — HEMS Ranking

Source: P3 Group

Two-metric ranking from P3

Collaboration with HEMS Finder is under discussion for 
conducting a multi-metric ranking of available HEMS on 
that platform.

• Metrics:
• Cost & revenue
• Comfort level
• Battery degradation & LOCE



PhyLFlex HEMS Benchmarking

HEMS Benchmarking in Germany – story so far...

• HEMS Finder  - a project to compare all available HEMS being sold in Germany
• Second annual survey is currently out – open-access report here
• More information can be found on the website – https://hems-finder.org/

• Current comparison is limited to a manufacturer survey through a questionnaire.

• A true benchmarking requires subjecting HEMS to test conditions

• But what are these conditions? 

Dr. -Ing. A. Mohapatra, TUM | anurag.mohapatra@tum.de | https://www.mep.tum.de/mep/coses/

https://www.tib-op.org/ojs/index.php/pv-symposium/article/view/2641/2891
https://hems-finder.org/


PhyLFlex HEMS Benchmarking

HEMS Benchmarking in Germany

• There are separate standards for benchmarking – a tale of three worlds.

• Research project PhyLFlex (2025-2028) is focused on this problem.
• How to evaluate various HEMS strategies?
• Can there be a universal methodology?

Dr. -Ing. A. Mohapatra, TUM | anurag.mohapatra@tum.de | https://www.mep.tum.de/mep/coses/

Research world Regulations world Real world

What could be possible? What should be possible? What is currently possible?

Algorithms and forecasts Discrimination free access, privacy by 
design, grid stability

Ease of implementation, converging 
on interoperable solutions.

Motivation

Focus



PhyLFlex HEMS Benchmarking

PhyLFlex HEMS Benchmarking Suite

• Validation strategy for laboratory and demonstrator

Dr. -Ing. A. Mohapatra, TUM | anurag.mohapatra@tum.de | https://www.mep.tum.de/mep/coses/

EMS benchmarking suite
1. Rule based
2. MPC
3. Reinforcement Learning
4. Physics based (combination of above)

CoSES Laboratory, TUM ÜZW Grid section



PhyLFlex HEMS Benchmarking

The research benchmark – What could be possible?

• Reference demand, generation profiles
• Reference objective functions
• Complete emulation

• To test:
• Different algorithms
• Forecasts
• Control windows

Dr. -Ing. A. Mohapatra, TUM | anurag.mohapatra@tum.de | https://www.mep.tum.de/mep/coses/



PhyLFlex HEMS Benchmarking

The iMSys benchmark – What should be possible?

• Reference demand, generation profiles
• Reference objective functions
• iMsys-in-the-loop
• DERs and prosumers emulated

• To test:
• §14a signal efficacy
• Max. utility from iMsys + FNN
• Grid friendly EMS

Dr. -Ing. A. Mohapatra, TUM | anurag.mohapatra@tum.de | https://www.mep.tum.de/mep/coses/



PhyLFlex HEMS Benchmarking

The real-world benchmark – What is currently possible?

• Reference demand, objective functions
• iMsys-in-the-loop
• Real DERs + Emulated consumption

• To test:
• Device interoperability
• HEMS à DER protocols
• Claims vs Reality

• Further demonstrations at 

Dr. -Ing. A. Mohapatra, TUM | anurag.mohapatra@tum.de | https://www.mep.tum.de/mep/coses/

10+ DER manufacturers 10 houses in ÜZW grid



Roadmap & Open-Source

Scan & Register for this Project (or sub-projects)

TSG Code Nature Energy Code 

Technical Paper Open-source

Community joint 
force is NEEDED!



Takeaway

- Developed a systematic prediction and optimization framework for PV and ESS, covering lifecycle, 
location, sizing, HEMS, and VPP benchmarking.

- Conducted preliminary evaluations using open-source datasets in the US and Germany.

- Compared AI-based and self-consumption strategies for the US, Germany, and UK, with sizing benchmark 
results.

- Built a benchmarking platform for integrated results and transparent comparison.

- Ongoing collaboration with HEMS Finder for systematic HEMS ranking.

- Full open-source release planned for December.
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