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Abstract: For the Multi-Energy Virtual Power Plant (MEVPP), integrating heating, cooling, electricity and gas, two-stage robust
optimization models with a min-max-min structure are developed with the objectives of separately minimizing operating costs
and carbon emissions. These models incorporate uncertainty in photovoltaic output and electric load. Leveraging strong duality
theory and the Big-M method, the intermediate and inner optimization problems are transformed into single-level optimization
problems. The intermediate and inner layers generate worst-case scenarios, while the outer layer explores optimal decisions
regarding purchasing, selling, and load shedding under these scenarios. The two-stage model is solved employing the Column-
and-Constraint Generation (C&CG) algorithm. Case studies validate the efficacy of the proposed models and offer various
scheduling outcomes under economic and carbon emission objectives.

Key Words: Multi-energy virtual power plant, Two-stage robust, Optimization, Column and constraint generation, Uncertainty

1 Introduction

In the context of “peak carbon emissions” and “carbon
neutrality”, the energy power system which encompass
“source-network-load-storage” is facing novel demands and
challenges in achieving low-carbonization. Elevating the
role of renewable energy in power generation is critical.
Consequently, the integration of distributed renewable
energy and the realization of multi-energy interconnection
within Multi-Energy Virtual Power Plants (MEVPP) have
emerged as key areas of research. Nonetheless, MEVPP
introduces multiple uncertainties, which could potentially
compromise the stability of the power system.

Currently, there are currently two main areas of research
concerning uncertainty in MEVPP: renewable energy output
and load uncertainty. In [1], the authors utilized a scenario-
based approach to model wind and solar output uncertainties
in VPP, creating a day-ahead optimization schedule to
enhance operational efficiency. In [2], the authors proposed
explores uncertainties in distributed new energy sources,
proposing a method for defining scheduling boundary
probability distributions in VPP-main grid coordination
scenarios. In [3], authors developed a robust optimization
model for scheduling distributed power sources under
uncertainty. By employing robust duality transformation and
cutting plane methods, they iteratively converted it into two
deterministic virtual power plant scheduling models. These
models were then iteratively solved to obtain robust
optimization solutions for the uncertainty model. In [4],
authors proposed a two-stage robust optimization model
with min-max-min formulation of the cooling-heating-
electricity-gas integrated energy system, respectively with
the optimization objective of minimizing operation cost and
carbon emission. In [5], authors proposed a day-ahead

robust bidding strategy for MEVPP to participate in the
peak-regulation market, and analyzed the impact of
uncertainties for MEVPP on the peak-regulation market
aiming to minimize the operation cost. Approaches to
uncertainty in problem-solving mainly encompass stochastic
programming and robust optimization. Stochastic
optimization relies on ample historical data to establish
realistic probability distributions. Conversely, conventional
robust optimization models impose constraints by assuming
an uncertainty set, potentially limiting flexibility in adjusting
scheduling conservatism for MEVPP. In contrast, two-stage
robust optimization divides the problem into a master
problem and sub-problem with mixed-integer linear forms,
integrating uncertainty adjustment parameters to adapt
solution conservatism.

Furthermore, the aforementioned research often
overlooks the inclusion of demand response loads in
MEVPP to further align power supply and demand. By
adjusting the temporal and spatial distribution of loads and
transferring them during periods of relatively low demand,
it is possible to alleviate peak load pressure and reduce the
system's operational instability.

Therefore, this paper proposes a two-stage robust
optimization model for a multi-energy complementary
virtual power plant, addressing uncertainties in photovoltaic
output and electric load power. Demand response loads are
introduced to enhance flexibility. The model, featuring a
min-max-min structure, identifies worst-case scenarios and
optimal scheduling strategies. Using column-and-constraint
generation algorithms, duality theory, and the Big-M method,
it determines the scheduling scheme with the lowest cost and
minimum carbon emissions.
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