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Abstract: As renewable energy increasingly penetrates into electricity-heat integrated energy system
(IES), the severe challenges arise for system reliability under uncertain generations. A two-stage
approach consisting of pre-scheduling and re-dispatching coordination is introduced for IES under
wind power uncertainty. In pre-scheduling coordination framework, with the forecasted wind
power, the robust and economic generations and reserves are optimized. In re-dispatching, the
coordination of electric generators and combined heat and power (CHP) unit, constrained by the
pre-scheduled results, are implemented to absorb the uncertain wind power prediction error. The
dynamics of building and heat network is modeled to characterize their inherent thermal storage
capability, being utilized in enhancing the flexibility and improving the economics of IES operation;
accordingly, the multi-timescale of heating and electric networks is considered in pre-scheduling
and re-dispatching coordination. In simulations, it is shown that the approach could improve the
economics and robustness of IES under wind power uncertainty by taking advantage of thermal
storage properties of building and heat network, and the reserves of electricity and heat are discussed
when generators have different inertia constants and ramping rates.

Keywords: multi-timescale; integrated energy system (IES); robust; scheduling; uncertainty

1. Introduction

With the enhancement of coupling between multi-type energy sources, integrated
energy system (IES) has drawn the increasing attention. In IES, combined heat and power
(CHP) unit, as a significant component, generates electricity and heat simultaneously,
leading to the higher energy utilization efficiency. With the growth in utilization of CHP
unit, its heat-led mode has caused serious wind abandonment especially in winter heating
periods. This becomes a key issue limiting wind power penetration. Moreover, the strong
intermittency and uncertainty of wind power make its precise forecasting difficult to
achieve; as a result, the current wind power prediction error is usually up to 25% to 40% [1],
imposing serious challenges to the secure and stable operation of IES.

Many studies have been conducted to improve the flexibility of electricity and heat
coupled IES under wind power uncertainty. The maximum flexibility of a combined heat
and power system with thermal energy storage is discussed [2], where the robustness of
the system under renewable energy resources uncertainty is not considered. A chance-
constrained programming-based scheduling is proposed [3], with the joint operation
optimization of battery energy storage and heat storage tank integrated. However, the
distribution of uncertainty is assumed to be known, which is inconsistent with engineering
practice. Two-stage scheduling is a commonly used approach to deal with wind power
uncertainty. The two stages are implemented day-ahead and in real time, based on day-
ahead wind power prediction and wind power realization, respectively. In the first pre-
scheduling stage, the factors such as units’ startup and shutdown, heat storage tank
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capacity, etc. need to be determined in advance. Furthermore, in the second stage, namely
re-dispatching, the decision should be amended to compensate for wind prediction error,
such as units’ generations and so on. In [4], a minimax regret model based two-stage robust
scheduling for IES is introduced, where the electrical and thermal load tracking strategies
are applied to attenuate the uncertainty. However, its heat balance cannot be guaranteed
under wind power uncertainty. A two-stage robust operation strategy is explored [5]. The
decisions of day-ahead thermal storage charging/discharging are in the first stage, and
the decisions of CCHP and auxiliary boiler output are in the second stage to compensate
the first stage operation and follow the uncertainty realization. However, its timescale for
the second-stage is too long. The real-time robustness of the system cannot be guaranteed
due to the randomness of wind power changes. A scenario-based stochastic multi-energy
scheduling is developed in [6], where the scenario-independent and scenario-relative two-
stage decisions are made in an optimization model with various energy storage considered.
However, of all the mentioned research above, the energy storage units are installed to
alleviate uncertain wind power, which is not recommended since it might cause extra costs
and failures. Taking full advantage of thermal energy storage of heating system can solve
this problem.

Distinct from electric system, heat energy supply and demand balance are kept not
instantaneously but during a period, since a few minutes to several hours are taken
for hot water to carry heat energy from source to load through pipeline [7]. Moreover,
the real-time heat power imbalance is reflected in the variation of water temperature,
the operational limits of which are within a wider range. Thus, contrary to the electric
transmission network, the heat network could serve as a natural thermal storage, bringing
great flexibility to wind power absorption in IES. Several scholars have noticed the potential
role of heat network and endeavored to implement coordinated scheduling by considering
the dynamics of thermal energy transmission. The unit commitment in IES is studied [8],
where temperature quasi-dynamics of heat network is modeled to characterize its heat
storage capacity in CF-VT (constant mass flow and variable temperature) strategy. The
intra-day power dispatching of IES is explored [7], integrating the heat network dynamics
under the variable mass flow and variable temperature (VF-VT) strategy. A dispatching
model of IES is proposed, considering thermal energy storage of pipelines and the detailed
heat transfer constraints [9].

Furthermore, the heat load at an instant is usually pre-given as a constant in previous
research on heat and electricity coupled scheduling. However, since the building has the
potential of thermal energy storage and could offer a source of flexibility to absorb wind
power, it is necessary to model the heat load and then integrate it into the coordinated
scheduling. The storage capacity of building could be illustrated as follows: similar to
heat network, the thermal inertia of building is reflected in thermal transmission dynamics,
usually lasting for a period that could not be ignored. In building, the instantaneous imbal-
ance between heat power supply and demand is allowed, resulting in indoor temperature
changes; and the indoor temperature meeting human comfort requirements is usually
given as an interval. In addition, modeling the building’s heat load by considering the heat
loss and comfortable requirement for indoor temperature could improve the practicality of
the approach. In a few studies on heat and electricity coupled scheduling, the dynamic heat
load model of buildings is established. Feasible region method is proposed to formulate
the flexibility of IES [10] and the IES scheduling with demand response is explored [11],
where the first-order equivalent thermal parameter method is employed to model the
heat dissipation of building. The thermal modeling of dwelling is established through
equivalent thermal resistance and capacitance, and the expected thermal discomfort metric
is defined to quantify user’s discomfort level [12].

In order to accommodate uncertain wind power in two stages of pre-scheduling with
its forecasting value and re-dispatching with its uncertain realization, a two-stage robust
and economical scheduling methodology of IES is developed. In this method, the natural
storage capacity of heat network and buildings, and the reserves and generations of electric
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generators and CHP unit are utilized. The main contributions of the paper are summarized
as follows:

• The dynamic models of heat network and building are established to describe their
thermal energy storage characteristics. Their storage capacities are utilized and in-
tegrated in the two-stage robust and economic scheduling to accommodate wind
power. The thermal transmission dynamics in the seat network represents the water
temperature variations with respect to time variable and pipeline position, considering
heat loss, heat propagation and time-delay of flowing. In order to make a practical
description of the thermal demand from building, the heat dissipation process from
indoor to outdoor is modeled, and the standard effective temperature (SET) is applied
to measure the degree of user’s thermal comfort.

• Inspired by the robust scheduling of power system [13], the approach for accommodat-
ing uncertain wind power in heat and electricity coupled IES is developed, specifically
in two stages, i.e., in pre-scheduling with its forecasted value and in re-dispatching
with its realization, by utilizing the coupled reserves of electricity generators and
co-generator CHP unit, along with the natural thermal storage of heat network and
building. With the predicted wind power, the robust generation and reserves of elec-
tric generators and CHP unit are optimized in pre-scheduling, where the dynamics of
building and heat network are integrated to absorb wind power. With the uncertain
realization of wind power, prediction error is alleviated in re-dispatching constrained
by the reserves optimized in pre-scheduling. In pre-scheduling, the feasibility con-
straints of re-dispatching solution under uncertain realization are considered, with
zero-sum game between the re-dispatching and wind power uncertainty formulated
as a max–min problem.

• In the electricity-heat IES, the generators with different inertia constants and reserve
costs are considered, leading to two situations: the reserve supply by CHP unit
or not. Due to the strong coupling between electricity supply and heat provision
of CHP unit, when the CHP generator takes on the electricity reserve, there exists
the security margins of temperature in heat network and building to provide heat
reserve. From this perspective, the natural energy storage capacity of heat pipeline
and building could be utilized to serve as heat reserve in electricity-heat coupled IES.
When no reserve is required from CHP unit due to its high cost, the temperatures
in heat network and building could reach their bounds, induced by the objective of
economic operation.

The remainder of this paper is organized as follows. Section 2 describes the framework
of two-stage robust economic scheduling approach. In Section 3, the detailed formulations
of robust economic scheduling problem in electricity-heat coupled IES are illustrated, where
the heat transmission dynamics in heat network and building are modeled. Simulation
results are presented in Section 4 to demonstrate the effectiveness of the proposed approach.
Conclusions are finally given in Section 5.

2. Framework Description
2.1. Uncertainty Set

In robust and economic scheduling, uncertainty set is used to define the possible range
of uncertain variables. Excessive description of uncertainty may lead to conservatism, i.e.,
higher operational cost; while insufficient consideration of uncertainty cannot guarantee
the operational reliability under uncertain realizations. Since it is almost impossible for
all the predicted values simultaneously reaching the boundaries, budget uncertainty set is
adopted to describe and restrict wind power uncertainty [13], formulated as:

Pwind = {Pwind,t = Pm
wind,t + v+t Pu

wind,t − v−t Pu
wind,t,v

+
t , v−t ∈ {0, 1}, v+t + v−t ≤ 1, ∀t; ∑

t

(
v+t + v−t

)
≤ Γ} (1)
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Pm
wind,t = 0.5(Pmin

wind,t + Pmax
wind,t)

Pu
wind,t = 0.5(Pmax

wind,t − Pmin
wind,t)

(2)

where Pwind is the uncertainty set of wind power; Pwind,t is the wind power at time t;
Pmin

wind,t and Pmax
wind,t are the upper and lower bounds of prediction interval; the uncertainty

budge Γ is the number of uncertainty variables reaching the boundaries, influencing the
conservativeness. According to the central limit theorem, the value of Γ is given as [13]

Γ = Nµ + Φ−1(α)
√

Nσ (3)

where µ and σ are the expected value and standard deviation of |Pwind,t−Pm
wind,t|

Pu
wind,t

; N is the

number of uncertain variables; Φ(·) is the cumulative probability distribution function of
standard normal distribution; α is the confidence level. All the parameters in (1)–(3) can be
obtained by the historical and predicted values of wind power.

2.2. Coordinated Framework and Multi-Timescale

To alleviate wind power uncertainty, before and after the real value of wind power is
observed, the scheduling is divided into two stages, i.e., pre-scheduling and re-dispatching,
the framework of which is displayed in Figure 1. In pre-scheduling stage, the robust and
economic generations and reserves of electric generators and CHP unit are optimized
based on the predicted wind power, where the robust feasibility constraint is considered.
In re-dispatching stage, with the wind power realization, the coordinated generations
of electric generators and CHP unit are optimized within the pre-scheduled reserves to
compensate the wind power forecasting error. In the pre-scheduling and re-dispatching,
the optimization is implemented over a time window rather than just at an instant in order
to describe the thermal dynamics. In the proposed approach, two kinds of generators are
included, the CHP unit and electricity generator that only generates electric power.
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The pre-scheduling problem is formulated as (4) [13]:
min aTx
s.t. Ax + Cwp ≤ b

Y(x, w) 6= ∅ ∀w ∈W
(4)

where a is the cost coefficient vector; Ax+Cwp ≤ b represents the constraints for economic
operation; wp is the predictive wind power; Y denotes the feasible region of re-dispatching
strategy, which is a function of the uncertain wind power realization w and pre-scheduling
decision x; the uncertain set of wind power is defined as W, determined by (1)–(3). In
order to ensure the secure operation of IES under the uncertain wind power prediction
error, the pre-scheduling strategy x, composed by the optimal coordinated generations
and reserves of electric generators and CHP unit, needs to ensure that there exists a
feasible re-dispatching strategy y for any w under the pre-scheduled reserves. Insufficient
reserves may lead to the infeasibility of re-dispatching and drive the system to an unsecure
operating state. On the contrary, excessive reserves may result in higher operational cost.
Therefore, as shown in pre-scheduling problem (4), Y(x, w) 6= ∅ gives the constraint that
the appropriate reserves should satisfy. The detailed formulation of Y will be illustrated in
Section 2.3, where zero-sum game describes the relation between uncertain wind power
realization and re-dispatching.

The re-dispatching optimization can be expressed as:{
min dTy
s.t. Ax + By + Cwr(p) ≤ b

(5)

As shown in Figure 1, in the re-dispatching time horizon, considering that the current
dispatching strategy may have some impact on the subsequent operation states of IES
because of the long transient process of heat network, not only the real wind power at the
current moment but the predicted values at following instants are used, denoted as wr(p)

in (5). Among the re-dispatched strategies over the time horizon, only the current one is
implemented on the IES.

In the pre-scheduling and re-dispatching of electricity-heat coupled IES, two timescales
are considered for electricity and heat networks coordinate in the unified framework, shown
in Figures 2 and 3. It is assumed that the time resolution of wind power prediction is ∆t.
The smaller time resolution of real wind power fluctuation is defined as ∆τ. The inertia of
CHP unit is assumed to be smaller and the time resolution of ramping up/ down is set as
∆τ. The electricity generators having different inertia are considered, respectively with the
different ramping time resolution ∆τ and ∆t.

In pre-scheduling, the timescale of the variables in power grid, such as the electricity
power of CHP unit and electric generators, is same as that of the predicted wind power;
the timescale of the variables in heat network is ∆τ, such as the heating power by CHP
unit, the temperatures of flowing water and insulation layer, heat load, indoor temperature
and so on; the timescale of the reserves from CHP unit and the electric generator with
smaller inertia is ∆τ and that of the reserves from the electric generator with larger inertia
is ∆t. In re-dispatching, the time resolution of real wind power is ∆τ; the timescale of the
generations from CHP unit and the electric generator with smaller inertia is ∆τ since they
are dispatched to follow wind power fluctuation, while that of the power of the electric
generator with larger inertia is ∆t because of its slower ramping rate.
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2.3. Robust Feasibility Constraint of Re-Dispatching in Pre-Scheduling

In pre-scheduling, besides the electricity and heat power generations, the optimal
reserves of electric generators and CHP unit are derived to ensure the feasibility of re-
dispatching under uncertain wind power, while both economy and robustness are guar-
anteed. The dispatcher and the uncertain wind power act as the two sides of zero-sum
game [13], i.e., uncertainty intends to violate the secure constrains of the system as much
as possible, resulting in more reserve required; on the contrary, facing the uncertainty, the
dispatcher tries to maintain secure operation through dispatching strategy constrained by
the reserve, which is expected as low as possible due to the objective of economic operation.

With a given pre-scheduling strategy x∗, the indicator S(x∗, w?) is formulated in (6) to
reflect the feasibility of re-dispatching strategy y under wind power realization w∗ [13].

S(x∗, w?) = min
y,r+ ,r−

(
1Tr+ + 1Tr−

)
s.t. Ax∗ + By + Cw∗ + Ir+ − Ir− ≤ b

r+ ≥ 0, r− ≥ 0

(6)

where r+ ≥ 0 and r− ≥ 0 are the introduced slack variables. If re-dispatching is feasible,
there must exist a solution where S(x∗, w?) = 0; on the contrary, if re-dispatching is
unfeasible, S(x∗, w?) > 0.

The most unfavorable wind power realization w intends to maximize S, and the
zero-sum game between the dispatcher and wind power uncertainty is expressed as

S
(
x*) = max

w
min

y,r+ ,r−

(
1Tr+ + 1Tr−

)
s.t. Ax∗ + By + Cw + Ir+ − Ir− ≤ b

w ∈W

(7)
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With the pre-scheduling strategy x∗, S
(
x*) = 0 suggests that there exists the feasible

re-dispatching strategy y under any wind power realization w; S
(
x*) > 0 indicates that the

most unfavorable wind power realization w could make re-dispatching problem infeasible.
By transforming the inner layer into its dual problem, the problem in (7) can be converted
into a single-layer optimization:

S(x∗) = max
(
oT(b−Ax∗)− oTCw

)
s.t. oTB ≤ 0T

−1T ≤ oT ≤ 0T

w ∈W

(8)

where o is dual variable. The optimization (8) is a mixed integer programming problem
containing quadratic form oTCw in its objective function. It can be solved by many solvers
such as Cplex.

Up to now, it is almost impossible to give the explicit expression of constraint
Y(x, w) 6= ∅. However, with the solution of (8), the iterative solving approach of pre-
scheduling strategy x∗ is proposed to guarantee its robust feasibility [13], illustrated as
follows:

S(x) is linearly approximated at x∗

S(x) ≈ S(x∗)− (o∗)TA(x− x∗) (9)

where o∗ is the optimal solution of (8). Then, the robust feasible x should satisfy the
constraint.

(o∗)TAx ≥ S(x∗) + (o∗)TAx∗ (10)

In order to replace Y(x, w) 6= ∅, constraint (10) is gradually added to the optimization
problem (8) until S(x∗) = 0. Then a robust feasible solution x∗ can be derived.

2.4. Procedure of Two-Stage Robust Economic Scheduling

The procedure of two-stage robust economic scheduling is illustrated as follows.
Step 1. Set initial parameter k = 0, x0 = 0, o0 = 0, x∗, where k denotes the iterative

step;
Step 2. The pre-scheduling problem (4) is solved, where the robust feasible constraint

Y(x, w) 6= ∅ is replaced by the constraints (ol)
TAx ≥ Sl + (ol)

TAxl , 0 ≤ l ≤ k; and then
k = k + 1.

Step 3. With the obtained pre-scheduling strategy x∗, calculate S
(
x*) according to

(8). If S
(
x*) = 0, the pre-scheduling ends and the re-dispatching in (5) is optimized with

the real wind power; otherwise, derive the constraint (ok)
TAx ≥ Sk + (ok)

TAxk where
Sk = S

(
x*), ok = o∗, xk = x∗ and go to Step 2.

3. Model Formulation
3.1. Pre-Scheduling Model
3.1.1. Optimization Objective

The optimization objective in pre-scheduling is to minimize the total costs during
the time horizon, including the costs for operations and reserves of CHP unit and electric
generators. It is formulated as:

min

(
N∆τ/∆t

∑
t=1

(
ae1·P

p
e1,t + ae2·P

p
e2,t + aCHP·P

p
CHP,t + qe1·Re1,t

)
·∆t +

N

∑
τ=1

(qCHP·RCHP,τ + qe2·Re2,τ)·∆τ

)
(11)

3.1.2. Optimization Constraints

(1) CHP unit
There are usually two types of CHP units, back-pressure turbine and extraction
condensing turbine [14]. For the former, the heat-to-electricity ratio is constant and
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the relation between electricity and heat power is linear; for the latter, the heat-
to-electricity ratio varies in a wide range by pumping rate, with the lower energy
efficiency and more flexibility compared with the former. In the paper, in order to
show the flexibility brought by thermal storage of heat network and building, the
CHP unit with the fixed heat-to-electricity ratio is chosen to study. Its operational
characteristics is described as:

Pp
CHP,t = K·Hp

CHP,τ , τ ∈ t (12)

as shown in (12), the CHP unit combines the different timescale τ and t.
CHP unit generation is constrained by the ramping rate in MW/∆τ. Since the
timescale of CHP unit generated electric power is ∆t in pre-scheduling, its ramping
rate constraint is described as:

Pdown
CHP ·

∆t
∆τ
≤ Pp

CHP,t+1 − Pp
CHP,t ≤ Pup

CHP·
∆t
∆τ

, t = 1, · · · ,
N∆t
∆τ
− 1 (13)

The scheduled electric power output of CHP is bounded by its upper and lower limits
considering reserve:

Pmin
CHP + RCHP,τ ≤ Pp

CHP,t ≤ Pmax
CHP − RCHP,τ , t = 1, · · · ,

N∆t
∆τ

, τ ∈ t (14)

The scheduled reserve cannot exceed its upper limit:

0 ≤ RCHP,τ ≤ Rmax
CHP (15)

(2) Electricity network
For electric network modeling, DC power flow model is employed for simplicity. The
active power flow Pmn,t through bus m to bus n is described as

Pp
mn,t = −bmn

(
θ

p
m,t − θ

p
n,t

)
, t = 1, · · · ,

N∆t
∆τ

(16)

where bmn is the reactance of line from m to n; θm,t and θn,t are the voltage phase angle
at bus m and n at the time t respectively.
For each bus m, power balance constraint should be satisfied

Pp
inject,m,t − Pp

load,m,t + ∑
n∈Om,branch

Pp
mn,t = 0, t = 1, · · · ,

N∆t
∆τ

(17)

where Pp
inject,m,t and Pp

load,m,t are power injection and load at bus m at time t respec-
tively; Om,branch denotes the set of buses directly connected with bus m; active flow
Pmn,t is the active power though the line between bus m and n, which is positive when
inflow to bus m and negative when outflow from bus n.
Moreover, a slack node d is defined, whose voltage phase angle remains zero:

θ
p
d,t = 0, t = 1, · · · ,

N∆t
∆τ

(18)

The voltage phase angle at a bus should be kept within its upper and lower limits:

θmin
m ≤ θ

p
m,t ≤ θmax

m , t = 1, · · · ,
N∆t
∆τ

(19)

The power flow is limited by its transmission line capacity:

Pmin
mn ≤ Pp

mn,t ≤ Pmax
mn , t = 1, · · · ,

N∆t
∆τ

(20)
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Similar to CHP unit, the output of electric generators is also constrained by the
ramping rate and the upper and lower bounds:

Pdown
e1 ≤ Pp

e1,t+1 − Pp
e1,t ≤ Pup

e1 , t = 1, · · · ,
N∆t
∆τ
− 1 (21)

Pmin
e1 + Re1,t ≤ Pp

e1,t ≤ Pmax
e1 − Re1,t, t = 1, · · · ,

N∆t
∆τ

(22)

Pdown
e2 · ∆t

∆τ
≤ Pp

e2,t+1 − Pp
e2,t ≤ Pup

e2 ·
∆t
∆τ

, t = 1, · · · ,
N∆t
∆τ
− 1 (23)

Pmin
e2 + Re2,τ ≤ Pp

e2,t ≤ Pmax
e2 − Re2,τ , t = 1, · · · ,

N∆t
∆τ

, τ ∈ t (24)

The reserve should also be kept in its physical limit:

0 ≤ Re1,t ≤ Rmax
e1 (25)

0 ≤ Re2,τ ≤ Rmax
e2 (26)

(3) Heat network
Heat network is mainly composed of heat exchanger stations, pipelines and loads.
Heat energy is extracted from the heat station, carried by hot water and distributed
to heat consumers through heat pipelines. Heat transfer time, usually varying from
hours to days, cannot be ignored [7]. In the paper, the thermal transmission dynamics
of heat network is described since steady thermal model cannot reflect its energy
storage property. The pressure dynamics are faster than thermal dynamics, with little
impact on temperature distribution, so it is not considered here.

(a) Heat pipeline
For a pipeline, in radial direction, hot water dissipates heat energy to insu-
lation and the surrounding soil; while in axial direction, hot water transfers
heat energy downwards through water flowing. Consequently, the water
temperature in the pipeline varies with the time τ and the position variable x
along the pipeline, representing its temporal and spatial characteristics. The
most commonly used strategy CF-VT in north China is considered.
The pipeline is divided equally into small segments of length ∆x. For the
segment k, the thermal transmission dynamical model is established by includ-
ing the heat dissipation to the surrounding soil and heat transferring to the
adjacent segment, and then the heat energy delivering dynamics through the
pipeline is modelled considering the pipeline topology.
The thermal resistance between hot water and insulation layer can be calculated

Rwb =
1

hwpDin
+

1
2λb

ln(
Dout

Din
) (27)

The thermal resistance between insulation layer and soil layer can be described as

Rbs =
1

2λs
ln

 2Z
Dout

+

√(
2Z

Dout

)2
− 1

 (28)

The insulation layer absorbs heat energy from the hot water and then dissi-
pates it to the soil layer. The heat dissipation of the insulation layer can be
expressed as
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Cb
Tf

b,l,k,τ+1 − Tf
b,l,k,τ

∆τ
=

π∆x
Rwb

(Tf
w,l,k,τ − Tf

b,l,k,τ)−
π∆x
Rbs

(Tf
b,l,k,τ − Ts), τ = 1, · · · , N, k = 1, · · · , L/∆x (29)

where Cb = cb
π
4 (Dout

2 − Din
2)∆xρb.

In additional to the heat energy dissipation to insulation layer, heat energy is
transferred to the adjacent next segment at the same time, which is modeled as

mw
∂Tw

∂τ
+ MlCw

∂Tw

∂x
=

π

Rwb
(Tb − Tw) (30)

Using the finite difference approximation method, (30) can be reformulated as

Tp
w,l,k+1,τ+1 =

π

4
Din

2ρwcw∆xTp
w,l,k+1,τ + Mlcw∆τTp

w,l,k,τ+1 +
π

Rwb
∆x∆τTp

b,l,k+1,τ+1

π

4
Din

2ρwcw∆x + Mlcw∆τ +
π

Rwb
∆x∆τ

τ = 1, · · · , N − 1, k = 1, · · · , L/∆x− 1

(31)

The water temperature is limited by the upper and lower bounds

Tmin
hn ≤ Tp

w,l,k,τ ≤ Tmax
hn , τ = 1, · · · , N, k = 1, · · · , L/∆x (32)

(b) Hydraulics
In order to model the hydraulics of the pipeline, the following assumptions
are made: (1) Water is continuous and uncompressible, and according to mass
conservation law, the mass flow entering into a node is equal to the mass flow
leaving the node; (2) there is no heat energy loss at the mixed node; (3) when
the flowing water meets at the crossing node, the water temperature uniformly
mixes instantly.
The mass flow balance at the mixed node i is expressed as

∑
l∈Oi,pipe+

Ml = ∑
j∈Oi,pipe−

Mj (33)

where Oi,pipe+ and Oi,pipe− are the sets of pipelines that flows into and out of
node i.
At the crossing node i, the water temperature after mixing is given as

Tp
w,j,1,τ =

∑
l∈Ok,pipe+

MlT
p
w,l,L/∆x,τ

∑
l∈Ok,pipe+

Ml
, j ∈ Oi,pipe− (34)

(c) Heat exchanger
Absorbing the heat energy produced by CHP unit, the heat exchanger heats
the water at the terminal end of return pipeline, which then flows out of the
exchanger to the beginning end of supply pipeline. The heat exchange station
is simplified to a node r, and the heat energy exchange is formulated as(

∑
j∈Or,pipe−

Tp
w,j,1,τ+1Mj − ∑

l∈Or,pipe+

Tp
w,l,L/∆x,τ Ml

)
cw = ηexHp

CHP,τ , τ = 1, . . . , N (35)

where ηex is the heat energy utilization coefficient of heat exchanger.
(d) Heat load

The heat load refers to the heat power which is absorbed from the heat network
to maintain the temperature of the building within the human comfort range,
while the heat dissipation from the building interior to exterior is considered.
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Similar to the heat exchange station, the heat load is simplified to be a node
g. It absorbs heat energy from the hot water flowing in supply network. The
heat exchange at the heat load is expressed as ∑

i∈Og,pipe+

Tp
w,i,l/∆x,τ Mm − ∑

j∈Og,pipe−

Tp
w,j,1,τ+1Mn

cw =
Hp

h,τ

ηload
, τ = 1, . . . , N, h = 1, . . . , E (36)

Due to the difference between indoor and outdoor temperature, the heat
power dissipates from indoors to outdoors. It is assumed that the heat dissi-
pation power is linearly proportional to the temperature difference, which is
formulated as

Hp
dis,h,τ = AhSh(T

p
in,h,τ − Tp

out,h,τ), τ = 1, . . . , N, h = 1, . . . , E (37)

where the heat transfer coefficient Ah of building h is related to the structure
of the fences such as windows and walls; the outdoor temperature Tp

out,h,τ of
building h at time τ in pre-scheduling is a known parameter.
Considering the heat energy absorption from the heat network and the heat
energy dissipation from indoors to outdoors, the indoor temperature of the
building can be expressed as

Tp
in,h,τ+1 = Tp

in,h,τ +
(Hp

h,τ − Hp
dis,h,τ)∆τ

FhGh
, τ = 1, . . . , N, h = 1, . . . , E (38)

The indoor temperature should be restricted within a certain range in order
to guarantee thermal comfort of users. SET established by the ASHRAE
(American Society of Heating, Refrigerating and Air-Conditioning Engineers)
is introduced in the paper for its universality and concision. The range of
comfortable indoor temperature has the following constraints [15]:

22.2 ≤ Tp
in,h,τ ≤ 25.6, τ = 1, . . . , N, h = 1, . . . , E (39)

3.2. Re-Dispatching
3.2.1. Optimization Objective

The optimization objective of re-dispatching is to minimize the total operational costs
of CHP unit and electric generators during the time horizon, formulated as:

min

(
U

∑
τ=1

(aCHP·Pr
CHP,τ + ae2·Pr

e2,τ)·∆τ +
U∆τ/∆t

∑
t=1

ae1·Pr
e1,t·∆t

)
(40)

3.2.2. Optimization Constraints

With the pre-scheduled reserve, the outputs of generators are appropriately adjusted to
adapt to the wind power realization in re-dispatching. Similar to Section 3.2, the operational
constraints of re-dispatching are illustrated below.

CHP unit constraints are given in (41)–(43):

Pr
CHP,τ = KHr

CHP,τ , τ = 1, . . . , U (41)

Pdown
CHP ≤ Pr

CHP,τ+1 − Pr
CHP,τ ≤ Pup

CHP, τ = 1, . . . , U − 1 (42)

Pp
CHP,τ − RCHP,τ ≤ Pr

CHP,τ ≤ Pp
CHP,τ + RCHP,τ , τ = 1, . . . , U (43)

Electricity network constraints are represented in (44)–(52):

Pr
mn,τ = −bmn

(
θr

m,τ − θr
n,τ
)
, τ = 1, . . . , U (44)
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Pr
inject,m,τ − Pr

load,m,τ + ∑
n∈Om

Pr
mn,τ = 0, τ = 1, . . . , U (45)

θr
d,τ = 0, τ = 1, . . . , U (46)

θmin
m ≤ θr

m,τ ≤ θmax
m , τ = 1, . . . , U (47)

Pmin
mn ≤ Pr

mn,τ ≤ Pmax
mn , τ = 1, . . . , U (48)

Pdown
e1 ≤ Pr

e1,t+1 − Pr
e1,t ≤ Pup

e1 , t = 1, . . . ,
U∆t
∆τ
− 1 (49)

Pp
e1,t − Re1,t ≤ Pr

e1,t ≤ Pp
e1,t + Re1,t, t = 1, . . . ,

U∆t
∆τ

(50)

Pdown
e2 ≤ Pr

e2,τ+1 − Pr
e2,τ ≤ Pup

e2 , τ = 1, . . . , U − 1 (51)

Pp
e2,t − Re2,τ ≤ Pr

e2,τ ≤ Pp
e2,τ + Re2,τ , τ = 1, . . . , U (52)

The heat network constraints in (27)–(29), (31)–(39) are included in re-dispatching
optimization, with the superscript ‘p’ replaced by ‘r’.

4. Simulation Results

To illustrate the effectiveness of the two-stage robust and economic scheduling method-
ology for electricity and heat coupled IES in accommodating uncertain wind power, an
electricity-heat IES, with an IEEE 9-bus, 9-branch electricity network and a 3-building,
12-pipeline heat network, is established in Figure 4. The two electricity and heat networks
are coupled by CHP unit and heat exchanger. Electricity generator G1 with larger inertial
time constant is attached to Bus 1, and the electricity generator G2 with smaller inertial
time constant is installed at Bus 7. The parameters involved in the simulation are given in
Table A1.
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Several cases are implemented to explore the effectiveness of thermal energy storage
properties of buildings and heat network in improving system flexibility and enhancing
wind power absorption. The cases with different considered factors, such as storage
capacity of heat network and buildings, time-of-use price of CHP unit generation, ramping
speed limit of generators, are listed in Table 1, where

√
denotes considering the factor

while × denotes not. In Cases I, II and IV, the cost coefficients remain unchanged during
the scheduling; while the cost coefficient of CHP generation varies in Case III, as shown
in Table 2. The real and forecasted wind power values are depicted in Figure A1. The
electricity load and outside temperature are drawn in Figures A2 and A3.
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Table 1. Simulation cases and the considered factors.

Case
Thermal Storage Properties of
Heat Network and Buildings

Time-of-Use Price of
CHP Generation

Ramping Speed Limit

CHP (MW/4τ) G1 (MW/4t) G2 (MW/4τ)

Case I
√

× 0.3 0.3 0.03
Case II

√
× 0.3 0.3 0.3

Case III
√ √

0.3 0.3 0.03
Case IV × × 0.3 0.3 0.03

Table 2. Cost coefficients of generators.

Cost Coefficient Case CHP ($/(MW·min)) G1 ($/(MW·min)) G2 ($/(MW·min))

Generation cost
coefficient

Cases I, II and IV 1 0.67 0.8

Case III 0.67 (12:00–14:00)
1.33 (14:00–16:00) 0.87 1.2

Reserve cost coefficient All Cases 2 1.33 1.6

4.1. Case I

From Figures A2 and A3, it can be observed that during the scheduling horizon, the
thermal demand gradually increases as the outdoor temperature drops; on the contrary,
the electrical load gradually decreases. The pre-scheduled electricity generations and the
balance between electricity supply and demand are depicted in Figure 5. The water tem-
perature of heat network is drawn in Figure 6. It can be seen, in order to achieve economic
operation, the generator G1 with the cheapest cost coefficient is scheduled to generate the
most electric power; the G2 generation is very small in order to satisfy the down reserve
requirement; the CHP unit with the highest cost coefficient is scheduled to satisfy the heat
demand by the lowest generation, which can be indicated by the phenomenon shown in
Figure 6 that the water temperature at the return Pipeline 7 at the end of the pre-scheduling
period is close to its lower limit.
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The temperature at the beginning of Line 1, i.e., the outlet of heat station, fluctuates
greatly, for it is closely related with CHP unit generation. In order to maintain the real-time
supply and demand balance of electricity load, the heat power output of CHP unit with the
fixed heat-to-electricity ratio has a higher volatility. However, after the heat transferring
through the pipelines, the temperature curves at the inlet of the load and the heat station,
such as the beginning of Lines 4–6 and 12, becomes smooth. Consequently, from this
perspective, the large volume of water in the pipeline serves as energy storage and the
fluctuation of instantaneous load or wind power can be smoothed by heat network.

The imbalance between heat supply and demand is depicted in Figure 7. From 12:00 to
13:00, CHP unit generates more heat power than the total building dissipation. Further, the
surplus heat energy, depicted in green, is stored into the pipeline and buildings. From 13:00
to 16:00, since the electricity demand decreases and at the same time the heat load increases,
the stored heat energy drawn in yellow, is discharged to satisfy the heat demand, ensuring
the indoor temperature in comfortable range. The indoor temperatures of buildings are
shown in Figure 8.
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Due to predicted wind power errors, CHP unit and electric generators need to keep
some reserve in advance. If the robust and economical scheduling methodology is not
considered, when there is wind power prediction error, the system cannot meet the electric
and heat balance for lack of reserve, which leads to infeasibility. On the contrary, when
robust and economical scheduling methodology is taken into consideration, the system
can operate safely and stably and also absorb all wind power. The costs are manifested in
Table 3.

Table 3. Comparison of reserve and operation cost between Cases I and II.

Cost Case I Case II

Reserve cost ($) 12.9600 11.5200
Operation cost ($) 178.4432 176.7158

Total cost ($) 191.4023 188.2358

The reserves of generators are shown in Figure 9. At each instant, the sum of the
electricity power reserves of all generators is 0.03 MW, equal to the wind power uncertainty.
It is worth noting that the reserve of G1 is always 0. It is because that the timescale4t of G1
ramping speed is larger than the time resolution4τ of wind power fluctuation. In order to
achieve economic operation, G2 with the cheaper reserve cost should be given more priority
to provide reserve, rather than CHP unit. CHP unit will take on the remaining reserve
when G2 cannot accommodate the uncertain wind power, constrained by its ramping speed
0.03 MW/4τ. Considering the strong coupling of electricity generation and heat supply of
CHP unit, the heat energy reserve is also required, which is represented in security margin
of the water temperature and indoor temperature. As shown in Figure 6, at the beginning
end of Line 7, i.e., the outlet of Load 1, the temperature reaches its lower bound at 15:45
with no secure water temperature margin left; but the indoor temperature of Building 1 is
also 25.6 ◦C, much higher than the lower bound, which means it can supply heat reserve.
The indoor temperature of Building 2 is equal to its lower limit, but the water temperature
at the beginning end of Line 8 has some distance from the limit. The excess heat is stored
in the heating pipelines and buildings, providing the heat reserves when CHP unit is
scheduled to take on the reserves.
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4.2. Case II

Compared with Case I, the ramping speed of G2 changes from 0.03 MW/4τ to
0.3 MW/4τ in Case II. The pre-scheduled electricity generation and the balance of supply
and demand is depicted in Figure 10. The reserves of generators are shown in Figure 11. It
can be seen that only G2 offers 0.03 MW reserve to alleviate the wind power uncertainty.
Considering that G2 has sufficient reserve capacity and its reserve cost is cheaper, reserve
is completely supplied by G2. From the time 12:00 to 14:00, G1 generation reaches its upper
limit and then G2 with the medium operational cost is scheduled to satisfy the remaining
electricity load; since no reserve is required from CHP unit and simultaneously the CHP
unit generation cost is the most expensive, there is no scheduled CHP unit generation,
and the pipelines and buildings are in the heat energy release state, causing the water
temperature and indoor temperature to drop. From the time 13:00 to 16:45, G2 generation
is kept as 0.03 MW in order to provide sufficient downward reserve; and most of the
electricity demand is satisfied by G1 to achieve the economic operation.
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Because there is no need for CHP unit to supply reserve to accommodate the fluc-
tuation of wind power, as shown in Figure 12, the indoor temperatures of buildings and
the water temperatures at the outlets of heat loads all reach at their lower bounds, in-
duced by the optimization objective of economic operation. The comparison of reserve
and operational cost between Cases I and II are listed in Table 3. Owing to the enhanced
ramping speed of G2, more G2 electricity generations and reserves in Case II decrease the
corresponding cost, compared with Case I. Moreover, Due to the less CHP unit generation,
the heat network always stays in the state of releasing energy. As a result, the water
temperatures in the pipelines and indoor temperature in buildings show the downward
trend, which can be seen in Figures 13 and 14.
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4.3. Case III

The pre-scheduled electricity generations are drawn in Figure 15. Comparison of
electricity generations during different time periods are given in Table 4. From 12:00–14:00,
more CHP unit generation is scheduled owing to the lower price; while from 14:15–16:00,
G1 generates more electricity. The scheduling results represent the operational economics.
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Table 4. Comparison of electricity generations under time-of-use price.

Case
Average Output of CHP Unit (MW) Average Output of G1 and G2

(MW)

12:00–14:00 14:00–16:00 12:00–14:00 14:00–16:00

Case I 0.1831 0.0607 1.0497 0.7998
Case III 0.5790 0.0350 0.6538 0.8255

Pre-scheduled water temperature of heat network is displayed in Figure 16. It can be
seen that, the outlet temperature of the heat station drops first and then rises, consistent
with the load inlet temperature. However, the turning point for outlet of the heat station
appears at 12:15–13:15 while the load outlet at 13:15–14:30. This shows that it takes some
time for hot water flowing from heat station to load. Heat production and consumption
are not balanced in real time. It is very necessary to conduct transient analysis on the heat
network. The water temperatures in Figure 16 are higher than those in Figures 6 and 12,
caused by the cheaper cost coefficient of CHP unit generation during 12:00–14:00.
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4.4. Case IV

In Case IV, both time-of-use price and the thermal storage capacity of heat network
and buildings are not concerned. Assuming that the temperature of the building is kept
at 23 ◦C constantly, and the heat dissipation from indoor to outdoor is regarded as heat
load. Heat network is simplified to be three heat load nodes. The heat supply and demand
are balanced instantaneously for no heat reserve is supplied. The wind power is absorbed
as much as possible under the condition of satisfying the operational constraints. The
absorbed and abandoned wind power is depicted in Figure 17.
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The electricity generators G1 and G2 are limited to their ramping speed, and the CHP
unit working in constant heat-to-electricity ratio mode is subjected to real-time heat balance.
It is difficult for all of them to respond to the wind power fluctuation, inevitably leading to
wind abandonment. Wind power abandonment occurs at three instants and the maximum
abandonment appears at 13:15, with about 53.18% wind power abandoned; on the contrary,
the wind absorption is 100% if the thermal storage capacity is considered, as shown in
Cases I, II and III. What is more, it will lead to infeasibility under wind power uncertainty
for there is no heat reserve in Case IV.

4.5. Discussions on Robustness and Economics

To verify the robustness of the proposed method, 10,000 scenarios are generated by
Monte Carlo sampling within the wind prediction boundaries to simulate the real wind
power uncertainty. The price coefficient is chosen the same as Cases I, II and IV, listed in
Table 2. According to (3), the appropriate value Γ = 6 is chosen, whose corresponding pre-
scheduled electric power generation and reserve results have been given in Figures 5 and 9,
and heat energy results have been depicted in Figure 7. With the pre-scheduled results of
generations and reserves, the re-dispatching problem could derive the feasible solutions
of re-dispatched generations under all the 10,000 uncertain wind power realizations. The
robustness of the proposed pre-scheduling and re-dispatching coordination approach is
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validated. As shown in Table 5, if the smaller value Γ= 2 is chosen, the feasibility of re-
dispatching problem under any uncertain wind power realization might not be guaranteed,
with the unfeasibility proportion about 5.55% among the 10,000 wind power realizations,
although the total cost could be decreased. On the contrary, with the larger value Γ= 16, the
derived total cost in pre-scheduling optimization increases and even worse the computing
burden is significantly exacerbated, consuming the computational time several hundred
times as much as Γ = 6 due to the less feasibility domain.

Table 5. Comparisons in robustness, economics and computational costs.

Solutions Operation Cost
($) Reserve Cost ($) Total Cost ($)

Infeasibility
Proportion of

Re-Dispatching
Iterations

Robust economic
scheduling

Γ = 2 178.2558 12.96 191.2158 5.55% 787
Γ = 6 178.4432 12.96 191.4023 0% 528

Γ = 16 178.5876 12.96 191.5476 0% 256

Interval
optimization

The worst optimal 182.0079 24.75 206.7579 0% 65,536
The best optimal 172.4928 23.0630 195.5558 0% 65,536

Scenario-based
optimization

N1 = 1000, N2 = 100 177.1415 5.7776 182.9191 100% 100
N1 = 10,000, N2 = 1000 177.2181 12.1895 189.4076 65.57% 1000

In order to evaluate the superiority of the proposed approach, the interval optimiza-
tion [16–18] and scenario-based optimization methods [19–21] are employed for compar-
ison. In the interval optimization method, the robust feasibility constraints are added
iteratively as described in Section 2.3 to solve the pre-scheduling problem. The best and
worst optimal solutions of interval optimization considering robust feasibility constraints
are given in Table 5. It is shown that the robustness can be guaranteed, but their total costs
are respectively 2.17% and 8.02% higher compared with the robust economic scheduling.
In the scenario-based optimization method, the wind power scenarios are sampled by the
Monte Carlo simulations, and reduced by the backward reduction method. In Table 5, N1
and N2 mean the scenario number before and after the scenario reduction. For the reduced
scenarios, the feasible iterations are carried out. The total costs of scenario-based optimiza-
tion methods are lower, but the safe operation of the system cannot be guaranteed when
facing the uncertain wind power realization. Under the pre-scheduling results derived
by 1000 scenarios-based optimization, the infeasibility proportion of re-dispatching is still
about 65.57%. Both of the methods, i.e., the interval optimization and the scenario-based
optimization, will face the combinatorial explosion problem as time horizon increases,
indicated by the iterations in Table 5. Although the scene reduction can decrease the
number of scenarios, its calculation time also cannot be ignored.

Consequently, the robust economic scheduling approach can ensure the feasibility of
re-dispatching problem under any uncertain wind power realization while ensuring the
economics of scheduling solution. Furthermore, the combination explosion problem can be
solved.

5. Conclusions

A two-stage robust economic scheduling is proposed for electricity-heat IES to cope
with the wind power uncertainty. In pre-scheduling, while ensuring the economics of
scheduling results, the sufficient regulation margin subjected to the operational bounds
is reserved for the possible uncertain wind power realization by considering the robust
feasibility constraint of re-dispatching. With the pre-scheduling solution, for electric
system the appropriate generation reserve is kept to achieve the flexibility, and for heat
system, the inherent thermal energy storage of buildings and heat network is utilized
to compensate for the fluctuations of heat power generation from CHP unit caused by
wind power uncertainty. The thermal storage capability is characterized by modeling
the dynamics of building and heat network. The simulation indicates that the proposed
approach could enhance the flexibility of heat and electricity coupled system in wind power
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accommodation. Furthermore, the appropriate choosing of uncertain budget could achieve
the robustness and economics of scheduling results at the lower computational cost. The
optimization objective of the total cost derived by the proposed approach is lower than
the traditional interval optimization. The proposed approach is more robust compared
with the traditional scenario-based optimization method. Gradient explosion problem
existing in the two traditional methods could be avoided by the proposed approach. The
superiority of the proposed approach can be demonstrated.

In cold seasons, with large heat demand and abundant wind power, the fixed heat-
power ratio of CHP unit could cause problems in wind accommodation and more im-
portantly, the safe operation of the system, especially in Northeast China. The proposed
method can effectively enhance wind power accommodation and achieve robustness and
economics of scheduling. In the future research, the uncertainties of electricity demand
and heat network parameters will be further considered.
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Nomenclature

Indices and Sets

O the set of branches or pipelines directly connected with a bus or node
τ time index for heat network
d index of electric network slack node
g node index of heat load
i index of heat network node
j, l index of heat pipeline
k index of pipeline segment
m, n indices of electric network buses
r node index of heat exchange station
t time index for electricity network

Superscript and Subscript

CHP CHP (combined heat and power) unit
b insulation layer
dis heat dissipation of building
down downward ramping
e1 electric generator with large system inertia
e2 electric generator with small system inertia
ex heat exchange station
in inner layer of pipeline or indoors
inject power injection
load electric or heat load
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out outer layer of pipeline or outdoors
p pre-scheduled value or wind power predicted value
r re-dispatched value or real wind power value
s soil layer
up upward ramping
w water flow layer
wind wind power

Input Parameters

A heat transfer coefficient of building fence [W/(m2·◦C)]
D diameter of pipeline [m]
E total number of buildings
F equivalent specific heat capacity of building [J/(kg·◦C)]
G equivalent mass of building [kg]
L length of the pipeline [m]
M mass flow rate in pipeline [kg/s]
N/U time horizon length of pre-scheduling/re-dispatching
R thermal resistance [(m·K)/W]
S area of the fence [m2]
Z buried depth of pipeline [m]
λ thermal conductivity [W/(m·K)]
ρ density [kg/m3]
η energy utilization coefficient
a price coefficient of operation [$/(MW·min)]
b reactance [pu]
c specific heat capacity [J/(kg·K)]
h convection heat transfer rate [W/(m2·K)]
k heat-to-electricity ratio of CHP unit
q price coefficient of reserve [$/(MW·min)]
4t timescale of heat network [min]
4τ timescale of electricity network [min]
4x segment length of heat pipeline [m]

Decision Variables

Hp
CHP,τ , Hr

CHP,τ
heat power generation of CHP unit at time τ in pre-scheduling/
re-dispatching [W]

Hp
dis,h,τ , Hr

dis,h,τ
heat power dissipation of building h at time τ in pre-scheduling/
re-dispatching [W]

Hp
h,τ , Hr

h,τ
heat power absorbed by building h at time τ in pre-scheduling/
re-dispatching [W]

Pp
CHP,t, Pr

CHP,τ
electric power generation of CHP unit at time t in pre-scheduling/
τ in re-dispatching [W]

Pp
e1,t,P

r
e1,t

electric power generation of electric Generator 1 at time t in pre-scheduling/
re-dispatching [W]

Pp
e2,t,P

r
e2,τ

electric power generation of electric Generator 2 at time t in pre-scheduling/
τ in re-dispatching [W]

Re1,t,Re2,τ ,RCHP,τ
reserve of electric Generator 1/electric Generator 1/CHP unit at time
t/τ [W]

Tp
b,l,k,τ , Tp

w,l,k,τ
temperature of insulation layer/water flow at k-th segment of pipeline l
at time τ in pre-scheduling [K]

Tr
b,l,k,τ , Tr

w,l,k,τ
temperature of insulation layer/water flow at k-th segment of pipeline l
at time τ in re-dispatching [K]

Tp
in,h,τ , Tr

in,h,τ
indoor temperature of building h at time τ in pre-scheduling/
re-dispatching [◦C]

θ
p
m,t, θr

m,τ
voltage phase angle at bus m at time t in pre-scheduling/
τ in re-dispatching [rad]
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Appendix A

Table A1. Simulation parameters.

Parameters Value Parameters Value Parameters Value

∆t/min 30 ηex 1 AhSh/(MW·◦C)−1 7.5 × 10−3

∆τ/min 15 ηload 1 FhGh/(MJ·◦C)−1 7.5 × 10−2

∆x/m 50 Pmin
mn /MW 3 Pmin

CHP/MW 0
N 16 Pmax

mn /MW 0 Pmax
CHP/MW 1

E 3 λb/W·(m·K)−1 0.033 Pmin
e1 /MW 0

K 1 Z/m 1 Pmax
e1 /MW 1

Thn
max/◦C 90 λs/W·(m·K) −1 0.31 Pmin

e2 /MW 0
Thn

min/◦C 30 cb/J·(kg·◦C) −1 1380 Pmax
e2 /MW 1

cw/J·(kg·◦C)−1 4200 ρb/(kg·m−3) 1000 θmax/◦ 5
ρw/(kg·m−3) 1000 αs/W (m2·K)−1 14 θmin/◦ −5

Din/m 0.4 M4, τ/(kg·s)−1 1.5 Rmax
CHP/MW 0.3

Dout/m 0.6 M5, τ/(kg·s)−1 1.5 Rmax
e1 /MW 0.3

hwp/W·(m2·K)−1 7000 M6, τ/(kg·s)−1 1.5 Rmax
e2 /MW 0.3
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