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Abstract

High renewable energy penetration and growing heating demand in northern China pose
challenges to the operational flexibility and economic performance of combined heat and
power (CHP) units. District heating networks can address these challenges through their
inherent thermal storage capacity, but the conventional supply-water-temperature-rise
method does not fully exploit the return network’s storage potential. To address this
issue, a bilevel model based on bypass-assisted thermal storage is developed to optimize
bypass-device configuration and improve CHP economic performance. The results show
that installing bypass devices at selected stations can exploit the return network’s storage
potential, expand CHP flexibility, and improve unit economics during peak- and valley-
price periods. In the long-distance network case, peak-shaving compensation under the
conventional method failed to offset the reduction in unit operating profit. The bypass
method produced a life-cycle net present value of 10.86 million yuan. In the primary-
network case, the life-cycle net present value was 44.70% higher than that achieved by the
conventional method. These findings support the exploitation of district heating network
storage potential and flexible CHP operation.

Keywords: district heating network thermal storage method; heat-power decoupling;
thermal storage bypass device; operating profit of combined heat and power units; bilevel
optimization model

1. Introduction

Driven by global carbon-neutrality goals, energy systems are undergoing an accel-
erated transition toward low-carbon and clean energy. The large-scale integration of
renewable energy places greater demands on system operational flexibility [1]. Meanwhile,
heating demand in northern China is expected to remain substantial and continue growing
for a considerable period [2]. As a major heat source for district heating, combined heat
and power (CHP) units will continue to play an important role. CHP systems therefore face
the dual challenge of ensuring a reliable heat supply while accommodating fluctuations in
renewable generation.

Thermal storage technologies can alleviate this conflict by storing and releasing heat
over short periods, thereby weakening the rigid coupling between heat and power out-
puts [3]. Common thermal storage options include hot-water storage tanks, phase-change
thermal storage, building thermal storage, and heating-network thermal storage [4-6].
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Among these options, heating-network thermal storage does not require the large-scale
installation of independent storage equipment and involves relatively low initial invest-
ment. It has therefore become an important research topic in the flexible operation of
CHP systems.

Conventional thermal storage methods in a district heating network (DHN) use the
heat capacity of the heat-transfer medium and the thermal inertia associated with heat
transport to store heat [7]. Models of DHNs account for pipe-wall thermal inertia [8],
dynamic heat transfer in buried pipelines [9], and temperature propagation under varying
operating conditions [10], providing a basis for analyzing thermal storage and thermal
release. In operation, the supply-water-temperature-rise thermal storage method has been
used for thermal load shifting [11], to reduce the use of reserve heat sources [12], and for
cost optimization [13,14]. These methods have also been used to improve wind power
integration [15], support CHP frequency regulation [16], and increase peak-shaving capa-
bility [17]. Coordinated temperature and flow-rate control provides additional flexibility
in using DHN thermal inertia [18,19]. Available thermal storage and thermal-release ca-
pacities depend on the rates and durations of thermal storage and thermal release [20].
Equivalent-storage modeling further describes the time-varying flexibility of integrated
electricity-heat systems [21].

However, these conventional methods cause little change in the return-water tem-
perature. The additional heat is therefore stored mainly in the supply network, leaving
the return network’s storage potential underexploited [22]. To address this limitation, our
previous study [23] proposed a bypass thermal storage method that directs part of the high-
temperature supply water into the return network. The resulting storage enhancement was
investigated in an urban primary DHN. Storing more heat, however, does not necessarily
yield higher operating profit, and thermal release needs to match the CHP unit’s regulation
requirements. Market mechanisms, network structures, and heat-load conditions can differ
substantially. Bypass configurations and flow rates should therefore be optimized jointly
with dynamic thermal release and CHP operating profit under different typical scenarios.
The differences between representative conventional DHN thermal-storage studies, our
previous study [23], and the present study are summarized in Table 1.

Table 1. Comparison of representative district-heating-network thermal-storage studies.

Study Thermal-Storage Bypass Objective/Evaluation Focus Network Type
Operating cost and - L
Ref. [24] No wind-spillage penalty Transmission—distribution
.ot DHN
minimization
Total operating-cost Simplified one-source,
Ref. [25] No minimization two-user DHN
Ref. [26] No Storage ér.ld peak—sh.avmg Primary and secondary DHNs
capability evaluation
Storage-capacity and
Ref. [23] Yes investment-saving Urban primary DHN
maximization
Present study Yes Life-cycle NPV maximization Long-distance and urban

primary DHN5s

Building on Ref. [23], this study extends bypass thermal storage from maximizing
storage capacity to coordinating thermal storage operation with the economic performance
of CHP units. The main contributions are as follows:

(1) A model is established for bypass-assisted thermal storage and transient thermal
release in both supply and return networks. The resulting thermal-release capability is
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linked to the CHP operating region and the operating profit under different electricity-
market mechanisms, enabling the economic value of return-network storage to be
evaluated.

(2) A bilevel investment—operation optimization model is formulated. The upper level
selects bypass locations, number, and pipe diameters by maximizing life-cycle net
present value, while the lower level determines scenario-specific bypass flow rates by
maximizing annual incremental operating profit.

(3) The proposed framework is evaluated under two combinations of network type and
electricity-market mechanism: a Hebei long-distance DHN providing peak-shaving
ancillary services and a Gansu urban primary DHN participating in an electricity spot
market. The results provide engineering guidance for bypass placement, flow-rate
setting, and assessing whether return-network storage justifies retrofit investment.

2. Thermal Storage Methods for District Heating Networks
2.1. Conventional Supply-Water-Temperature-Rise Thermal Storage Method

The thermal storage systems considered in this study include a long-distance DHN
and an urban primary DHN. Both systems consist of a heat source, supply and return pipe
sections, heat exchange nodes, relay pumping stations, and valves. A heat-exchange node
is a heating substation or energy station equipped with a heat exchanger and associated
auxiliary equipment that exchanges heat with a downstream network. In the urban primary
DHN, heat-exchange nodes are heating substations. In the long-distance DHN, the heat-
exchange node is the terminal energy station.

A heat exchange node transfers heat between the heat-source-side network and the
user-side network. When heat dissipation from the heat exchanger is neglected, the energy
balance at the heat exchange node is expressed as:

_ CwGex(Ts — Tr)

Qur = W22 )

where Q. is the heat exchange power, MW; ¢y, is the specific heat capacity of water,
kJ/(kg-°C); Gey is the heat exchange flow rate, in t/h; T is the supply-water temperature,
in °C; T} is the return-water temperature, in °C.

Over a daily regulation cycle, the user heat load may be regarded as approximately
constant. When the supply-water temperature at the heat source increases, the flow rate
entering the primary side, or high-temperature side, of the heat exchanger decreases
to keep the heat supplied to users approximately unchanged. The outlet return-water
temperature on the same side of the heat exchanger usually decreases slightly or remains
nearly unchanged [23].

A reference operating condition is introduced to describe the state in which the DHN
is neither storing nor releasing heat. A thermal storage saturation condition is reached
when the temperature increase in the heat-transfer medium is complete. Extending the
storage duration beyond this point produces no appreciable increase in stored thermal
energy. Under the reference condition, the heat output of the heat source meets the user
heat demand. After the thermal storage process begins, the heat-source supply-water
temperature rises from its reference value to the thermal storage temperature. The high-
temperature heat-transfer medium then travels downstream through the supply network,
increasing the average temperature of the medium in the supply network and producing
an increment in sensible heat.

In the long-distance DHN, after the high-temperature heat-transfer medium is con-
veyed through the relay pumping stations to the terminal energy station, the heat exchange
flow rate at the energy station decreases, and the network gradually reaches thermal stor-

https:/ /doi.org/10.3390/buildings16204009


https://doi.org/10.3390/buildings16204009

Buildings 2026, 16, 4009

40f29

age saturation. In the urban primary DHN, the high-temperature heat-transfer medium
reaches the heating substations in sequence, causing the heat exchange flow rate at each
substation to decrease. When the high-temperature medium reaches the most distant
heating substation, the network enters the thermal storage saturation condition. The total
thermal energy stored using the conventional method can be expressed uniformly as:

E,s = 1076prw [Z Vis (Ths,ns - Tref,fl5> + Z Var (Ths,nr - Tref,nr)} @)

where Ej; is the total stored thermal energy, GJ; py is the density of water, kg/ m3; V,, is
the volume of supply pipe ns, m>; V,, is the volume of return pipe nr, m3; Tj,; and T,, £ are
the average temperatures under the thermal storage condition and the reference condition,
respectively, in °C.

During thermal release, the heat-source supply-water temperature is reduced to its
reference value. The thermal energy stored in the supply network is gradually released
as the heat-transfer medium travels through the network. The thermal output of the
heat source is temporarily reduced and subsequently returns to its reference value as the
network temperature and circulating flow rate recover. Because increasing the supply-
water temperature usually causes the outlet return-water temperature at a heat exchange
node to decrease slightly or remain nearly unchanged, the contribution of the return
network to the stored thermal energy in Equation (2) is negative or close to zero. Therefore,
the conventional supply-water-temperature-rise method stores heat mainly in the supply
network, while the thermal storage potential of the large volume of low-temperature
heat-transfer medium in the return network remains underutilized.

2.2. Bypass Thermal Storage Method for District Heating Networks

To exploit the thermal storage potential of the return network, this study adopts
the bypass thermal storage method proposed in our previous study [23]. Bypass pipes
connecting the supply and return pipes are installed at selected stations, converting these
stations into bypass nodes. The bypass pipes divert part of the high-temperature supply
water into the return network. This increases the average return-water temperature and
enhances the DHN'’s thermal storage and thermal-release capabilities. The structures of the
bypass nodes are shown in Figure 1. Different line colors indicate the temperature levels of
the heat-transfer medium in the corresponding pipes. In a long-distance DHN, the bypass
nodes may be relay pumping stations, valve chambers, or the terminal energy station. In
an urban primary DHN, bypass nodes are generally located at heating substations. An
electrically actuated control valve is installed on each bypass pipe to regulate the bypass
flow rate.

Supply pipe

Supply pipe . Supply-pipe
Supply-water pump sectionalizing valve

Bypass valve Bypass valve

) Return-pipe
Bypass pipe Return-water Bypass pipe sectionalizing valve
pump
Return pipe @ Return pipe >
(a) (b)
Supply pipe (Heat exchanger
Bypass pipe Supply pipe
Bypass valve
Circulating
um
Return pipe PP

Electrically actuated Return pipe

control valve

(©

Figure 1. Structures of different types of bypass nodes. (a) Booster pumping station; (b) valve
chamber; (c) heat exchange node (energy station or heating substation).
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Under the thermal storage condition, the supply-water temperature at the heat source
is increased from its reference value to the thermal storage temperature. When the high-
temperature heat-transfer medium reaches a bypass node, part of it enters the return
network. The remainder continues through the supply pipe or enters the heat exchanger to
meet the user heat demand. At bypass node 7, heat-transfer media at different temperatures
are assumed to mix instantaneously and completely. According to the energy balance, the
return-water temperature after mixing is:

Grin (1) Ty,in (i) + Gy (i) Tons (i)

T, ) =
r,out(l) Gr,in(i) + Gb(i

)

~—

where i is the bypass node index; G, ;, is the low-temperature return-water flow rate before
mixing, in t/h; Gy is the bypass flow rate, in t/h; T, ;, is the low-temperature return-water
temperature before mixing, in °C; T, is the supply-water temperature under the thermal
storage condition, in °C; T} oy is the return-water temperature after mixing, in °C.

As the high-temperature heat-transfer medium completes its passage through the
supply and return networks, the temperature and flow distributions in the DHN gradually
stabilize, and the network enters the thermal storage saturation condition. At this point,
the total thermal energy stored in the network using the bypass thermal storage method
can also be calculated using Equation (2). By diverting part of the high-temperature supply
water into the return network through the bypass branches, the method increases the
average temperature of the return-water medium under the thermal storage saturation
condition. The return network thus stores part of the thermal energy, increasing the total
thermal energy stored in the DHN.

At the beginning of thermal release, the heat-source supply-water temperature is
gradually reduced to its reference value within the prescribed ramp-rate limit, while
the bypass control valves are closed to reduce the bypass flow rate to zero. The high-
temperature heat-transfer medium produced during the preceding thermal storage process
continues to flow through the supply and return networks, and the thermal energy stored
in both networks is gradually released. During this process, the instantaneous thermal
output of the heat source is reduced to:

€ Ger (T)| T (7) = T55,(7) |

Qsc,hr(T) = 3600 (4)

where T is time, in h; Q. is the thermal output of the heat source under the thermal-
release condition, MW; G, j, is the total circulating flow rate at the heat source under
the thermal-release condition, in t/h; T . is the reference supply-water temperature at
the heat source, in °C; T°, , is the return-water temperature at the heat source under the
thermal-release condition, in °C.

In practical applications, the locations and flow rates of the thermal storage bypasses
determine the extent of network thermal storage and the magnitude of the increase in
return-water temperature. These factors are constrained by the network topology, pump
delivery capacity, and other operating conditions. The bypass configuration and flow rates
must therefore be optimized according to the operating conditions of the DHN and the
economic objective.

3. Economic Performance of Combined Heat and Power Units
3.1. Components of Combined Heat and Power Unit Operating Profit

The thermal and electrical outputs of an extraction-condensing CHP unit are jointly
constrained by the steam-turbine configuration, boiler load, heating demand, and other
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factors. Its operating region is shown in Figure 2. Points A and D denote the maximum and
minimum electrical-power output points, respectively, under condensing-only operation.
Point B denotes the maximum heat-output point, whereas point C denotes the minimum
electrical-power output point. The black solid line delineates the operating region of the
CHP unit, and the red dash-dotted lines indicate the coordinate projections of operating
point O. The blue dashed lines approximately parallel to line AB within the operating
region represent constant boiler input power.

2 QL'HP A
— =ele, max

CHP
ele,O

CHP
A ele AO

A . N — ..,

Electrical power output

CHP
th,O

Thermal output (MW)

Figure 2. CHP operating region.

To describe the coupling between the thermal and electrical outputs of the unit, the
overall electrical efficiency of the CHP unit is defined as:

QCHP

CHP _ =ecle (5)
Hele ™ = QCHP
input

QCHP ;. is the electrical

where 17CHP el is the overall electrical efficiency of the CHP unit;
power output of the unit, in MW; QcHP input 18 the input power of the unit, in MW. Because
thermal output occupies part of the power-generation capacity available under condensing-
only operation, the constant-input-power lines and boundary AB both have negative slopes.
The specific electrical power loss ¢ can be expressed as:

CHP
o AQele,AO

C=—crp (6)
th,0

where AQCHP ele. A0 1s the reduction in total electrical power output, in MW; QCHP t,0 is the
thermal output at point O, in MW. Based on the specific electrical power loss, the thermal
output is converted into an equivalent electrical output under condensing-only operation,
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NBOP - /

and the equivalent electrical load ratio is then obtained to characterize the overall load
level of the unit:

Qitiaqu (1) = QG (1) + QG(7) ¢ 7)
05t ()

Gele,equ(T) - QICIZP (8)
ele.max

where QHP ele,equ 18 the equivalent electrical output under condensing-only operation, in
MW; QCHP 1, .ax is the maximum electrical output under condensing-only operation, in
MW; Oeje equ 1s the equivalent electrical load ratio.

As the electrical load ratio decreases, the standard coal consumption rate gradually
increases [27]. The load-dependent coal consumption coefficient is therefore expressed
as [28]:

Fcfuel(T) = Kfyel,1 €XP ‘Xfuel,Zeele,equ(T)} + X fuel3 )

where FCp,g is the coal consumption coefficient, and g1, ®fel,2, and age 3 are coefficients
obtained by fitting. Considering electricity-sales revenue, heat-sales revenue, and fuel costs,
the operating profit of the CHP unit is expressed as:

QSP () +£Q5!" (v)

{QS?P( ) ele( )+QCHP( ) th — [ e CHP ]Pcfuel(T)Cfuel} dt (10)

Uele,max

where NB,, is the operating profit of the CHP unit from electricity and heat sales after
deducting fuel costs, in yuan; 74 and 7,4 are the starting and ending times of CHP unit
operation, respectively, in h; C,, is the electricity price, in yuan/MWHh; Cth is the heat-selling
price, in yuan/MWHh; Cp,; is the fuel cost per unit of lower heating value, in yuan/MWh.

3.2. Economic Conversion of Power Flexibility Under Different Market Mechanisms

When a DHN releases stored thermal energy during a peak- or valley-price period,
the instantaneous thermal output of the CHP unit can be reduced while user heat demand
remains satisfied. The reduction in the instantaneous thermal output of the heat source
resulting from thermal release by the network can be expressed as:

DQun e (T) = Qi1 (T) — Qfilir (7) (11)

where AQy, 1, is the reduction in the thermal output of the heat source, in MW; QCHP th,ref
and Q ¢HP thhr are the reference and actual thermal outputs, respectively, in MW.

In the peak-shaving ancillary services market, the unit participates in power-grid peak
shaving mainly by reducing its electrical load ratio. The actual electrical load ratio of the

CHP
Gele( ) QQL’ICQHP( )

ele.max

unit is defined as:

(12)

where 6,, is the actual electrical load ratio, and Q<H? , is the actual electrical power output,
in MW.

After thermal release from the district heating network reduces the thermal output of
the unit, its operating point can move along line BC in Figure 2 toward lower thermal and
electrical outputs. The resulting change in electrical power output can be expressed as:

AQEI?JfrBC( T) = —ac,18Q¢m 1 (T) (13)
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where AQCHPBC

elehr 15 the change in the electrical power output of the unit under the
peak-shaving ancillary services mechanism, in MW; apc ; is the slope of the back-pressure
operating line BC.

When the actual electrical load ratio is lower than the reference load ratio for peak-
shaving compensation, the portion of the electrical output below the reference value can be
regarded as eligible peak-shaving capacity. The peak-shaving ancillary service revenue can

be calculated as:

Ter}d

NBps = / Cps(eele) {Gele,ps - Gele(T)} +Qg§£axd7 (14)

Tst

where NBys is the peak-shaving ancillary service revenue, in yuan; Cps is the peak-shaving
compensation rate, in yuan/MWh; 6, s is the reference load ratio for peak-shaving com-
pensation; [x], = max(x,0).

In the electricity spot market, the operating direction of the unit depends on the
clearing price. In this study, the operating conditions of the unit are classified using the
break-even electricity price and the critical heat-compensation electricity price. The break-
even electricity price is defined as the electricity price at which the sum of heat-sales
revenue and electricity-sales revenue from the CHP unit is exactly equal to its fuel cost.
When the clearing price is lower than the break-even electricity price, the unit’s operating
revenue is insufficient to cover its fuel cost, and its most economical operating point tends
toward point C in Figure 2. This condition is defined as the valley-price condition.

The critical heat-compensation electricity price is the price at which the additional
electricity-sales revenue from increasing electrical output along the constant-input-power
line AB equals the corresponding reduction in heat-sales revenue. Above this price, increas-
ing electrical output is more profitable than increasing thermal output, and the optimal
operating point tends toward point A. This condition is defined as the peak-price condition.

Using the reference condition as the benchmark, the changes in the electrical power
output of the unit resulting from thermal release by the network can be expressed uni-

formly as:
AQEIE;?PPC(T) = CAQinnr (1), peak-price condition (15)
CHP,VPC CHP,BC . e
AQele,hr (t) = AQ, ot (1) = —apc1AQu 1y (T), valley-price condition
where AQCHPPPC , , and AQCHEVPC . are the changes in the electrical power output of

the unit under the peak-price and valley-price conditions, respectively, in MW.
Under either of the above market mechanisms, the total operating profit of the CHP
unit can be expressed as:
NBiota = NBop + NBps (16)

where NB,, is the total operating profit of the CHP unit, comprising NB,, and the peak-
shaving ancillary service revenue, NBys, in yuan.

Under the electricity spot market, NBys = 0 in Equation (16). The electrical power
output, thermal output, and corresponding market prices under the reference and thermal-
release conditions are substituted into Equation (10) to calculate the total profit of the unit
under each condition. For either market mechanism, the operating-profit increment is the
difference in NBy,;,;; between the thermal-release and reference conditions over the same
period. Under the peak-shaving ancillary services mechanism, this increment includes the
change in ancillary service revenue.
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4. Construction of Typical Operating Scenarios
4.1. Typical Electricity-Price Scenarios and Representative Weights

In the electricity spot market, clearing-price profiles usually vary considerably from
day to day. Therefore, Monte Carlo simulation and clustering are used to obtain typi-
cal electricity-price scenarios and calculate their representative weights over the entire
heating season.

First, historical real-time clearing prices during the heating season are divided into
daily electricity-price profiles. The real-time electricity price is updated every 15 min, and
each daily profile contains 96 time intervals. Monte Carlo sampling is then performed
according to the empirical price distribution in each interval and the correlations among
different intervals, generating a set of scenarios that reflects electricity-price fluctuations
during the heating season. Specifically, the empirical marginal distribution is estimated
separately for each time interval, and a Gaussian copula is used to represent the dependence
among the 96 intervals. A rank-based probability transform is applied to obtain normal
scores and estimate the correlation matrix. Correlated normal samples are then transformed
back through the empirical marginal distributions to generate the simulated price profiles.

Second, candidate numbers of clusters, corresponding to the numbers of typical
electricity-price scenarios, are selected sequentially within a predefined range, and k-means
clustering is performed multiple times for each candidate number using different random
initializations. In each run, each electricity-price profile is assigned to the nearest cluster
centroid according to the Euclidean distance, and each centroid is updated as the mean
profile of the assigned samples. These assignment and centroid-update steps are repeated
until the clustering objective converges or the cluster labels remain unchanged.

For each fixed candidate number k, within-cluster sum of squares (WCSS) is minimized
during the iterative k-means procedure. After clustering is completed for each candidate k,
the number of typical electricity-price scenarios is selected by comparing four indicators:
WCSS, the silhouette coefficient, the Gap statistic, and the adjusted Rand index (ARI).
The comparison considers within-cluster compactness, between-cluster separation, and
clustering stability.

Finally, the complete Monte Carlo scenario set is clustered using k-means with the
selected number of clusters. The centroid of each cluster is taken as a typical electricity-
price profile, and the proportion of scenarios in that cluster relative to the total number of
scenarios is taken as its representative weight:

_ N
Pk=x (17)

mt,total

where py is the representative weight of the k-th typical electricity-price profile; Ny is the
number of electricity-price scenarios in the k-th cluster; N, o1 is the total number of
scenarios generated by Monte Carlo simulation.

4.2. Typical Heat-Load Scenarios and Representative Weights

The daily average heat load of a heating system varies considerably over the heating
season. Therefore, typical heat-load scenarios are constructed in this study. Although
actual district-heating demand varies within a day [29], building thermal mass and end-use
control can buffer part of these short-term fluctuations [30]. For the network-level analysis,
the heat load for each representative day is therefore represented by the arithmetic mean
of its hourly values. This value characterizes the average hourly demand for that day.
Variations among different days are represented by different typical scenarios.

Based on the minimum and maximum values of the daily average heat-load samples
during the heating season, the heat-load range is divided into several equal intervals. The
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midpoint of each interval is taken as the representative value of the corresponding typical
heat-load scenario. The number of typical scenarios is determined by comprehensively con-
sidering the distribution of the heat-load samples, the accuracy of scenario representation,
and the computational scale of the model. Specifically, candidate partitions with Np ,,;, <
Np < NH max are evaluated using the normalized root-mean-square error:

diotal / ~ 2
1 (Nm)
\/ T 1 (O — Quna)
NRMSE(Ny) = - % 100% (18)

Qi

where d indexes heating days; d,, is the total number of days in the heating season; Qth 4
is the daily mean heat load, in MW; Qgg ) is its assigned interval midpoint, in MW; Qm
is the mean of the daily heat loads over the heating season, in MW. A geometric trade-off
score [(Np) is calculated as:

J(Ny) = NRMSE(Ng min) — NRMSE(Npy) B NHmin — Ny
" NRMSE(NH,min) - NRMSE(NH,max) NH,min - NH,max

(19)

The candidate interval number Ny that maximizes J(Np) is selected within the exam-
ined range. NRMSE quantifies the daily heat-load reconstruction error, while the interval
weights preserve the occurrence frequencies of the corresponding heat-load ranges in the
heating-season representation. Each nonempty interval defines a representative scenario.

The division of the typical heat loads and their representative ranges is shown in
Figure 3.

th‘f Qﬁx,u ch.um‘
- @1 -@-----@---|--@---1---@---
ch.miu th,ma,\'
. Typical heatload @ - —---~- Heat load range I:I Heat load interval

Figure 3. Division of typical heat loads and their representative ranges.

Each heating day is assigned to the corresponding typical scenario according to the
interval containing its daily average heat load. The number of actual heating days in each
interval is then counted, and the representative weight of each typical heat-load scenario is

calculated as:
dy

dtotal

(20)

Pu

where p,, is the representative weight of the u-th typical heat-load scenario, and d,, is the
number of heating days included in the u-th typical heat-load scenario.

5. Bilevel Optimization Model for the Operating Profit of Combined
Heat and Power Units

5.1. Model Structure
To configure thermal storage bypass devices and improve CHP economic performance,
this study develops a bilevel optimization model. The model optimizes the bypass configu-

ration and flow rates using CHP operating performance as the economic objective. The
model procedure is shown in Figure 4.
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Outer-level optimization model

Outer-level constraints: Ll Thermal storage bypass Total retrofit and maintenance cost of

Configuration-location configuration thermal storage bypasses
constraint

Number constraint for bypasses U i o i :
5 - 5 pPE‘I an ower bounds on the ) ) X

Diameter constraint for ™ Outer-level objective function: OB/,

bypasses bypass flow rate
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Figure 4. Flowchart of the bilevel optimization model.

The outer-level model generates feasible bypass-device configuration schemes. Each
configuration specifies the bypass locations, number, and pipe diameters. The correspond-
ing bypass flow-rate bounds are determined from the selected diameters and the allowable
flow velocity and specific frictional resistance, and are passed to the inner-level model. For
each configuration, bypass flow rates are optimized for each typical heat-load scenario
in the peak-shaving ancillary services market. In the electricity spot market, flow rates
are optimized for each heat-load—electricity-price scenario combination. The bypass con-
figuration remains unchanged across scenarios. For each configuration and set of bypass
flow rates, the dynamic thermal simulation model calculates changes in the supply- and
return-water temperatures and flow rates of the DHN. The thermal output of the CHP unit
is calculated from the heat-source supply-return temperature difference and circulating
flow rate. The electrical output and total operating profit are then determined using the
CHP operating region and the market-specific formulations in Section 3. Under the peak-
shaving ancillary services mechanism, the total unit operating profit includes peak-shaving
compensation. The operating-profit increment is calculated as the total operating profit
under the thermal-release condition minus that under the reference condition without
DHN thermal storage over the same period. These increments are aggregated using the
scenario weights and heating-season duration, with the number of daily peak-shaving
events also included for the ancillary services mechanism, to obtain the annual aggregate
operating-profit increment.

The inner-level model returns the maximum annual aggregate operating-profit incre-
ment to the outer-level model. The outer-level model calculates the life-cycle net present
value (NPV) by considering the bypass-device configuration and maintenance costs, and
determines the final configuration scheme by comparing different candidate schemes. The
inner-level model is solved using GlobalSearch in combination with fmincon, whereas the
outer-level model is solved using a discrete search method. The optimization and dynamic
thermal simulations were implemented in MATLAB R2026b. The outer-level search termi-
nates after all feasible combinations within the specified candidate-node and pipe-diameter
sets have been evaluated, subject to the bypass-number limits. The configuration with
the highest net present value is selected. The input data, decision variables, objectives,
constraints, solution methods, termination criteria, and outputs are summarized in Table 2.
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Table 2. Summary of the bilevel optimization model.
Category Outer-Level Model Inner-Level Model
Candidate nodes; pipe diameters; DHN/CHP data; load and market
Input data . .
retrofit costs scenarios
Decision variables Bypass locations and diameters Scenario-specific flow rates
Objective Maximize life-cycle NPV Maximize annual incremental profit
Constraints Bypass location; number; diameter Hydraulic/thermal; flow;
temperature; pump; CHP
Solution method Discrete search GlobalSearch and fmincon
Termination All feasible schemes evaluated Solver tolerances; feasibility check
. . Fl ; th I rel : CHP
Outputs Configuration; cost; NPV ow rates; therma re' ease; C
output; profit

5.2. Outer-Level Optimization Model

The decision variables of the outer-level model include the installation locations,
number, and pipe diameters of the thermal storage bypass devices. The objective is to
maximize the life-cycle NPV. For a given thermal storage bypass configuration, the retrofit
cost is expressed as:

Cb,reform = ZiKi (Cé,pipe + Cli;,vul + Cll;,others) (21)

where Cp reform 18 the retrofit cost of the thermal storage bypasses, in yuan; «; is a binary
indicator of whether a bypass is installed at candidate node i, with x; = 1 when a bypass
device is installed at the node, and x; = 0 otherwise; Cih,pipe is the bypass-pipe cost at
candidate node i, in yuan; C';,, is the bypass-valve cost at candidate node i, in yuan;
Cib,others is the cost of other materials and associated construction at candidate node i,
in yuan.

The total life-cycle cost of the bypasses, Cy ;o141 (), consists of the total present value
of maintenance costs and the retrofit cost:

Cb,totul<w) = Cb,reform (w) + Cb,mt (w) (22)

where Cp ,,; is the present value of the life-cycle maintenance costs, discounted to the start
of the analysis period, in yuan.

Based on the annual aggregate operating-profit increment obtained from the inner-
level model, the net present value of configuration scheme w is calculated as:

{ NPV = PVAF - ANBgy (w) — Cp totar (w) 23)

1—(14r)7Y
PVAF = =00~

where NPV is the life-cycle net present value (NPV) of the bypass retrofit, in yuan; ANB,, is
the annual aggregate operating-profit increment relative to the reference condition without
DHN thermal storage, including the ancillary service revenue increment under the peak-
shaving mechanism, in yuan, as determined by the inner-level model; PVAF is the present
value annuity factor; r is the annual interest rate; and y is the number of years in the analysis
period, which is taken as the service life of the thermal storage bypass devices in this study.
The product PVAF -ANB,, represents the life-cycle present value of the operating-profit
increments; subtracting the retrofit cost and the present value of maintenance costs gives
the NPV.
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The outer-level optimization model selects the thermal storage bypass configuration
with the maximum NPV as the final optimization result, thereby maximizing the life-cycle
net economic benefit of the bypass retrofit. Its objective function OBJ,; is:

OB]Jout = maxNPV (24)

The constraints of the outer-level model include the configuration-location constraint,
the number constraint for thermal storage bypasses, and the bypass-pipe diameter con-
straint. These constraints limit the candidate nodes eligible for retrofit, the permissible
range of the number of bypass installations, and the available bypass-pipe diameter specifi-
cations, respectively. They are expressed uniformly as:

K; € {0,1}

Nump min < Numy, < Nump max
Dbi,min < Dbi < Dhi,max

Dy;i € Dytg = {Dsta1, Dsta2s Dstas, - - - }

(25)

where Numy, i, and Numy ., are the minimum and maximum permissible numbers
of bypass installations, respectively; Numy, is the total number of thermal storage by-
pass installations; Dy; is the bypass-pipe diameter, m; Dy is the set of standard pipe
diameters, m.

5.3. Inner-Level Optimization Model

The decision variable of the inner-level model is the bypass flow rate. The bypass
flow rate changes the DHN temperature distribution under the thermal storage saturation
condition. It also affects the thermal-release process and, consequently, the thermal and
electrical outputs and operating profit of the CHP unit. Therefore, the objective of the
inner-level model is to maximize the annual aggregate operating-profit increment.

Using the reference condition without DHN thermal storage as the benchmark, the
single-event operating-profit increment in the peak-shaving ancillary services market is
the difference between total operating profit under the thermal-release condition and
that under the reference condition. In the electricity spot market, the peak- and valley-
price increments are calculated in the same way for their respective operating conditions.
The annual aggregate operating-profit increment under the two market mechanisms is
calculated as:

Umax
diotatMps Y. PulANBioie (1), peak-shaving ancillary services
u=1

ANB,, = (26)

tmax Kmax

iotal L. Y PuPk [ANszfc(k, u) + ANB(‘);PC(k,u)} , electricity spot
u=1 k=1

where M is the number of peak-shaving events per day; ANB,,; (1) is the single-event
operating-profit increment under the peak-shaving ancillary services market, in yuan;
ANBPP Cop(k,u) is the operating-profit increment during the peak-price period under the k-th
typical electricity-price scenario and the u-th heat-load scenario, in yuan; ANB VP Cop (k,u)
is the operating-profit increment during the valley-price period under the k-th typical
electricity-price scenario and the u-th typical heat-load scenario, in yuan.

The objective of the inner-level optimization model is to maximize the annual aggre-
gate operating-profit increment. Its objective function OBJj;, is:

OBJiy = max ANByy (27)
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The inner-level model ensures the safe operation of the district heating network
through constraints on the heat-transfer-medium flow rate, heat-source supply-water
temperature, and pump power. The heat-transfer-medium flow rate must remain within
the permissible range for the corresponding pipe diameter. The upper and lower flow-rate
limits are determined according to the pipe diameter, allowable specific frictional resistance,
and maximum flow velocity. The heat-source supply-water temperature must not exceed
the permissible values of the network and equipment. In addition, the pump power under
the thermal storage condition must not exceed that under the reference condition. To
prevent excessively rapid supply-temperature adjustment from affecting system stability,
the ramp rate of the heat-source supply-water temperature during thermal release is also
constrained. These constraints are expressed uniformly as:

Tohs = Timax
Gn,min < Gn < Gumax

Qp,hs < Qp,ref
T3 (r4A7) - T (1)
At

(28)

< RaT,s

where T% ;4 is the maximum heat-source supply-water temperature, in °C; G,, ., and
Gy, max are the minimum and maximum flow rates in pipe section 1, respectively, in t/h;
Qpns and Qp ,er are the pump powers under the thermal storage saturation condition and
the reference condition, respectively, in MW; Rar; is the maximum permissible ramp rate
of the heat-source supply-water temperature, in °C/h. In this study, Rars = 10 °C/h [31].

During the optimization process, a discrete-event-based dynamic thermal simulation
method is used to calculate the time-varying temperature and flow-rate processes in the
district heating network [32]. Hydraulic changes are represented by successive steady states
because pressure disturbances propagate much faster than temperature disturbances [33].
Water is treated as incompressible, with constant density and specific heat capacity. Flow
rates are updated as operating conditions change, satisfying nodal mass continuity and
network pressure balance.

Hydpraulic resistance parameters are estimated from design data. For an active bypass
branch at node i, pipe friction and the local losses associated with the control valve and
fittings are represented by an equivalent hydraulic resistance:

12

+ o) + L) | 222 _ s g0 @9)
1

apli) = | M) 5200

where Ap; (i) is the bypass pressure loss, Pa; Ay(i) is the Darcy friction factor; Ly(i) is the
bypass length, m; Dy, ;,(i) is the internal diameter corresponding to the selected bypass-pipe
size, m. The coefficients ¢}, ,,,(7) and ¢ (i) represent the local losses of the control valve and
fitting I, respectively. v, (i) is the flow velocity, m/s, and S (i) is the equivalent resistance
coefficient, Pa/(t/h)>.

These branch pressure losses enter the network pressure-balance equations, linking
bypass-flow redistribution to the required pump pressure rise. The electrical input power
of the pump is calculated as:

AppGy

~ 3.6 x 105041, (30)

Qp
where Ap, is the pump pressure rise, Pa; G is the mass flow rate through the pump group,
in t/h; and 7, is the adopted overall efficiency. The resulting Q) is expressed in MW.

The thermal model assumes one-dimensional plug flow, with uniform velocity and
temperature across each pipe cross-section and negligible axial mixing and conduction [10,34].
Incoming streams mix instantaneously and completely at junctions, and thermal losses

https:/ /doi.org/10.3390/buildings16204009


https://doi.org/10.3390/buildings16204009

Buildings 2026, 16, 4009

15 of 29

HX5
HX4

are calculated using equivalent thermal resistances. This method accurately describes
the propagation delay and attenuation of the heat-transfer-medium temperature and has
relatively high computational efficiency, making it suitable for repeated evaluations during
the inner-level optimization process.

6. Engineering Case Studies
6.1. Project Overview

An actual long-distance district heating network in Chengde (Hebei Province, China)
and an actual primary district heating network in Jinchang (Gansu Province, China) are
selected to evaluate the economic performance of the bypass thermal storage method. Their
topologies are shown in Figure 5. The long-distance network has a total length of 24.9 km
and contains five candidate nodes, HX1-HXS5, at which bypass devices can be installed. The
peak-shaving ancillary services market provides incentives for the CHP unit to participate
in peak shaving. The primary district heating network contains 51 heating substations and
has a total heated floor area of approximately 7.38 million m?. Two heating substations in
each of the near-source, intermediate, and distant regions are eligible for thermal storage
bypass installation. These six substations are numbered H51-HS6. The primary network
operates under the electricity spot market mechanism.

O Heating substation ineligible for retrofit
# | ® Heating substation eligible for retrofit

HX3

HX2

long-
distance/

-
Aa Heat source

© Valve chamber

@ Relay pumping station

6 Terminal energy station

pipeline
HX1

L o Y = & dHS3e® F‘E_cﬁrp
* — 1
HS1 e o n

(a) (b)

Figure 5. Topologies of the district heating networks. (a) Topologies of the long-distance DHN;
(b) Topologies of the primary DHN.

The heating season for both networks lasts 151 days. Hebei has a temperate monsoon
climate with cold, dry winters. Gansu has a temperate continental arid climate charac-
terized by low precipitation, abundant sunshine, and dry, windy conditions. During the
corresponding heating seasons, the seasonal averages of daily mean outdoor temperature
were —4.11 °C in Hebei and —1.51 °C in Gansu. The temperature ranges were —18.23 to
10.38 °C and —12.07 to 13.28 °C, respectively. Figures 6 and 7 show the variations in key
heating-system parameters and daily mean outdoor temperature for the long-distance DHN
and urban primary DHN, respectively. The typical heat-load scenarios for the long-distance
and primary district heating networks are presented in Tables 3 and 4, respectively.
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Figure 7. Key heating parameters of the primary DHN and outdoor temperature.
Table 3. Typical heat-load scenarios for the long-distance district heating network.
. Heat-Load Interval  Representative Heat Representative
Scenario ID (MW) Load (MW) Number of Days Weight
HC1 [206.55, 357.93) 282.24 29 0.1921
HC2 [357.93, 509.31) 433.62 30 0.1987
HC3 [509.31, 660.69) 585.00 33 0.2185
HC4 [660.69, 812.07) 736.38 34 0.2252
HC5 [812.07, 963.45] 887.76 25 0.1656
Table 4. Typical heat-load scenarios for the primary district heating network.

. Heat-Load Interval  Representative Heat -
Scenario (MW) Load (MW) Number of Days Probability
HY1 [99.58, 193.18) 146.38 29 0.1921
HY2 [193.18, 286.79) 239.99 31 0.2053
HY3 [286.79, 380.40) 333.59 35 0.2318
HY4 [380.40, 474.00) 427.20 36 0.2384
HY5 [474.00, 567.61] 520.81 20 0.1325

Candidate interval numbers from Ny i, = 2 to N yax = 10 were evaluated for both
DHN . Figure 8 compares the NRMSE and geometric trade-off score J(Ny) for the two
DHN:s. For the long-distance DHN, the NRMSE decreases from approximately 15.8% at
Ny =2t04.9% at Ny =5, while [(Ny) reaches its maximum of approximately 0.51 at Ny =5.
Further increasing the number of intervals to Ny = 10 reduces the NRMSE to approximately
3.5%, but the additional reduction is relatively limited, and the trade-off score decreases.
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Figure 8. Normalized root-mean-square errors and geometric trade-off scores. (a) Long-distance
DHN; (b) urban primary DHN.

For the urban primary DHN, the NRMSE decreases from approximately 16.9% at
Ny =2 to 6.7% at Ny = 5, and J(Np) reaches its maximum of approximately 0.39 at
Ny = 5. Although Np = 10 produces a lower NRMSE of approximately 3.6%, the im-
provement is accompanied by a substantially larger number of representative scenarios.
Therefore, considering both daily reconstruction accuracy and the increase in scenario
number, Ni = 5 was selected for both DHNs. The corresponding five nonempty intervals
were used to construct the representative heat-load scenarios listed in Tables 3 and 4.

Under the thermal storage condition, the heat-source supply-water temperature is
set 5 °C above its reference value. During severe cold periods, the maximum available
temperature margin between the reference heat-source supply-water temperature and
the allowable maximum supply-water temperature is approximately 6 °C for the two
networks. Therefore, a 5 °C temperature rise was selected as a feasible thermal-storage
setting that satisfies the temperature limit while retaining an operating margin under the
investigated conditions. The heat-selling price is 118.80 yuan/MWh, and the fuel cost is
109.42 yuan/MWh.

Under the peak-shaving ancillary services mechanism applied to the long-distance
district heating network, the fixed electricity price is 360.00 yuan/MWh, and the reference
load ratio for peak-shaving compensation is 0.5. The peak-shaving ancillary services market
is activated for 7 h, Mjs = 1. The peak-shaving compensation rate is divided into four tiers
according to the load ratio, as detailed in Table 5.

Table 5. Peak-shaving compensation rates.

Peak-Shaving

Load-Ratio Range Compensation Rate Compensation Tier
(Yuan/MWh)
0.0<8, <02 300 High
0.2<0,, <03 230 Medium-high
03<0, <04 160 Medium
0.4 <0, <0.5 90 Low

For this case, the historical real-time clearing-price data cover the heating season from
1 November 2024 to 31 March 2025. The dataset contains 151 daily profiles, each with 96
15 min observations, giving 14,496 historical price observations. Following the procedure
in Section 4.1, 2000 Monte Carlo scenarios were generated, and candidate cluster numbers
from 2 to 15 were evaluated. As shown in Figure 9, the WCSS curve exhibits an elbow
around k = 5-7, while the silhouette coefficient reaches its maximum at k = 6. The gray
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dashed box in Figure 9a highlights the relatively favorable range of k values around the
WCSS elbow, whereas the gray dashed line in Figure 9b marks the k value corresponding to
the highest silhouette coefficient. The Gap statistic increases with k, but its improvement be-
comes limited beyond approximately k = 6-8. The gray dashed box in Figure 9¢ highlights
the relatively favorable range identified from the Gap statistic. The ARI remains above 0.8
for k = 5-6, indicating stable clustering in this range. The gray dashed line in Figure 9d
indicates the minimum acceptable ARI level. Considering the four indicators jointly,
k = 6 was selected as a balance between clustering quality, stability, and scenario-

reduction efficiency.
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Figure 9. Cluster-number evaluation. (a) WCSS; (b) silhouette coefficient; (c) Gap; (d) ARL

Under the electricity spot market mechanism applied to the primary district heat-
ing network, the break-even electricity price is 131 yuan/MWh, and the critical heat-
compensation electricity price is 593 yuan/MWh. The resulting six typical market-clearing
electricity-price scenarios are shown in Figure 10. The red-shaded area represents the
peak-electricity-price region, the blue-shaded area represents the valley-electricity-price
region, and the black curve represents the market-clearing electricity-price curve. The total
costs of bypasses with different specifications are listed in Table 6.
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Figure 10. Typical clearing-price scenarios.

Table 6. Total costs of thermal storage bypass configurations.

Pipe Pipe Pipe
Diameter Cototal Diameter Cototal Diameter Cototal
(Yuan) (Yuan) (Yuan)

(mm) (mm) (mm)
65 17,500 150 28,500 350 49,400
80 19,500 200 32,800 400 59,600
100 22,000 250 37,400 450 71,000
125 25,200 300 42,400 500 86,400

The robustness of the inner-level optimization was also examined using 50 feasible
starting points, including the two bound points, their midpoint, and randomly sampled
points within the variable bounds. Convergence was achieved in 47 runs (94%), and the
best feasible converged result was used for the reported optimization results.

These cases were selected to examine different network structures and electricity-
market mechanisms. In the long-distance DHN, water is transported mainly along the
transmission main to the terminal energy station, and bypass locations affect the return-
water transport paths and travel times. In the urban primary DHN, return flows from
multiple branches and distributed heating substations mix before reaching the heat source.
These structural differences and the respective market mechanisms provide distinct engi-
neering settings for evaluating bypass configuration and flow-rate optimization.

6.2. Thermal Storage Bypass Configurations

Table 7 presents the optimal bypass configuration for the long-distance district heating
network under the peak-shaving ancillary services market. The bypasses are installed at
relay pumping station HX4 and terminal energy station HX5, both of which are relatively
far from the heat source. The bypass flow is concentrated mainly at terminal node HX5,
while HX4 serves an auxiliary function. These results indicate that, under the peak-shaving
duration and hydraulic conditions considered in this case, the bypass configuration tends
to utilize the intermediate and distant return-water transport paths.
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Table 7. Thermal storage bypass configuration results for the long-distance district heating network.

Maximum Bypass Bypass Pipe
Node ID Flow Rate (t/h) Diameter (mm) Cb total (Yuan)
HX4 69.16 150 28,500
HX5 425.06 300 42,400

For the HC3 scenario of the long-distance district heating network, the thermal-release
power of the network is shown in Figure 11. The dashed lines indicate the projections of
the key transition points onto the x-axis. At the beginning of thermal release, the high-
temperature return water gradually returns to the heat source, resulting in relatively high
thermal-release power from the return network. As the heat-source supply-water tempera-
ture gradually decreases, the thermal-release power of the supply network increases.

80 —

—— Return network

(MW)

Supply network|  _

s
L
T

[
=
T
I

=
I

Thermal-release power

[
h | 3;7}1 : |:42h| i
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Time (h)

Figure 11. Thermal-release process of the long-distance district heating network.

=

Subsequently, the thermal-release power of the return network gradually decreases,
and the return network enters a recharging state. Because of transport delay, some heat-
exchange nodes still receive high-temperature supply water during thermal release, pro-
ducing return water below the reference temperature. This low-temperature return water
first causes additional thermal release. Recharging begins only when subsequent return
water at the reference temperature replaces it and increases the stored heat, causing the
thermal-release power to become negative. The supply network continues to release heat at
a certain power until the state of the supply-water heat-transfer medium is restored. Thus,
the supply and return networks release heat simultaneously during the initial stage of peak
shaving, reducing the instantaneous thermal output of the heat source.
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Figure 12 further shows the variations in the load ratio and compensated peak-shaving
electrical power of the unit in the long-distance district heating network. After thermal
release begins, the thermal output of the heat source decreases, and the unit load ratio
falls into the compensation range of the peak-shaving ancillary services market, thereby
increasing the compensated peak-shaving electrical power. As the thermal-release power of
the network gradually decreases, the unit load ratio progressively recovers, accompanied
by a corresponding decrease in compensated peak-shaving electrical power. This process
shows that thermal release from the network can effectively reduce the electrical power
output and load ratio of the unit during peak shaving.
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Figure 12. Load ratio and compensated peak-shaving electrical power of the CHP unit during
thermal release.

For the urban primary district heating network operating under the electricity spot
market mechanism, the optimal configuration results are presented in Table 8. The bypass
configuration of the primary network must account for the transport capacity and hydraulic
conditions of different branches under different typical thermal and electrical scenarios.
It cannot be determined solely according to the distance between each node and the heat
source. The heating substations equipped with bypasses are distributed among the near-
source, intermediate-to-distant, and distant branches. The bypass flow is concentrated
mainly at heating substations HS4 and HS6, while heating substation HS1 serves an
auxiliary function.

Table 8. Thermal storage bypass configuration results for the primary district heating network.

Heating Maximum Bypass Bypass Pipe
Substation ID Flow Rate (t/h) Diameter (mm) Cb total (Yuan)
HS1 24.10 100 22,000
HS4 266.96 250 37,400
HS5 149.77 200 32,800
HS6 270.83 250 37,400
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Taking the HY4 typical heat-load scenario as an example, Figure 13 shows the unit
operating points and the thermal-release power under the valley-price condition (VPC)
in typical electricity-price scenario 1 and under a peak-price condition (PPC). The black
dashed lines highlight the key representative points, and the corresponding times are
indicated in panels (a) and (c). During thermal release, the unit operating point moves
toward point C under the valley-price condition and toward point A under the peak-price
condition. These movements correspond to the regulation directions under low and high
electricity prices, respectively. Because of the ramp-rate constraint on the heat-source
supply-water temperature, the thermal-release power gradually increases during the initial
stage. As thermal release from the network proceeds, the thermal-release power gradually
decreases, and the unit operating point moves back toward the reference condition. After

thermal release ends, the unit returns to the reference operating point.
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Figure 13. Changes in operating points and thermal-release power during valley- and peak-price
periods. (a) Operating points under the VPC; (b) thermal-release power under the VPC; (c) operating
points under the PPC; (d) thermal-release power under the PPC.

6.3. Field Validation of the Dynamic Thermal Simulation Model

A field test was conducted in the urban primary DHN in Gansu Province following
implementation of the optimized bypass configuration described in Section 6.2. Figure 14
shows the bypass installation at heating substation HS1 as an example. The bypass pipe
connects the primary supply and return pipes, and an electrically actuated control valve
regulates the bypass flow rate.
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/

Primary supply and
return water pipelines

Bypass electric
control valve

Figure 14. Thermal storage bypass installation at heating substation HS1.

The test used the optimized bypass flow rates for heat-load scenario HY4 under a
valley-price condition lasting 2.25 h. The bypass valves were closed at 10:30 to initiate
thermal release. The primary return-water temperature was measured at the heat source
at 5 min intervals, and the simulated temperature was evaluated at the same location and
sampling times. During the preceding stable period, from 10:00 to 10:30, the simulated
and measured primary supply- and return-water temperatures differed by no more than
0.2 °C. This agreement indicates that the simulated and actual initial operating states were
closely matched.

Figure 15 compares the simulated and measured primary return-water temperatures
and presents the corresponding errors. The gray dash-dotted line marks the start of thermal
release. The model reproduced the overall temperature decline and the main transitions
during thermal release. The measured curve shows minor fluctuations, whereas the simu-
lated curve is smoother and more stepwise, partly reflecting simplified valve adjustments
and the 0.05 °C temperature-change threshold used in the simulation. Measurement uncer-
tainty may also contribute to these differences. The mean absolute error (MAE) was 0.25 °C,
and the maximum absolute error was 0.89 °C. The mean absolute percentage error (MAPE)
and maximum absolute percentage error were 0.58% and 2.14%, respectively. These results
support the model’s ability to describe the dynamic response of the primary return-water
temperature during bypass-assisted thermal release in the urban primary DHN under the
tested condition.

6.4. Economic Analysis

Figure 16 compares the incremental profit per peak-shaving event for the two thermal
storage methods under typical heat-load scenario HC3 of the long-distance district heating
network. With the conventional district heating network thermal storage method, the unit
operating profit decreases by 20,800 yuan, while the peak-shaving ancillary-service revenue
increases by 15,400 yuan. The compensation revenue is insufficient to offset the loss in unit
operating profit, resulting in a decrease of 5400 yuan in total operating profit per event.
With the bypass thermal storage method, the unit operating profit decreases by 34,600 yuan,
but the peak-shaving ancillary-service revenue increases by 46,400 yuan, resulting in an
increase of 11,800 yuan in total operating profit per event. Under the conventional district
heating network thermal storage method, the peak-shaving compensation revenue cannot
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offset the reduction in unit operating profit, whereas the NPV reaches 10.8621 million
yuan with the bypass thermal storage method. Thus, although the bypass thermal storage
method causes greater losses in heat-sales and electricity-sales revenue, it ultimately yields
a positive NPV through peak-shaving compensation.
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Figure 15. Validation of the primary return-water temperature at the heat source. (a) Simulated and
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Figure 16. Changes in peak-shaving ancillary-service revenue and unit operating profit under
different thermal storage methods.

To assess the influence of the electricity-price assumption on the life-cycle economic re-
sult, an additional one-factor sensitivity analysis was conducted for the Hebei long-distance
district heating network. The fixed electricity price was varied from 288 to 432 yuan/MWh,
corresponding to —20% to +20% relative to the reference value of 360 yuan/MWh, with
a 4-percentage-point increment at each step. Other network, operating, and economic
parameters were retained at their case values. As shown in Figure 17, the NPV decreases
monotonically as the electricity price increases. At the reference electricity price, the NPV
is 10.8621 million yuan. Over the tested range, the NPV decreases from approximately
18.9 million yuan to 7.4 million yuan but remains positive throughout. This result indi-
cates that the bypass thermal storage scheme remains economically feasible within the
investigated electricity-price range, although the absolute economic benefit is sensitive
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to the electricity-price level. The proposed framework can be reapplied with updated
network and economic parameters to evaluate the corresponding bypass configuration and
economic performance under different engineering conditions.
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Figure 17. Influence of the electricity-price assumption on the NPV.

Figure 18 and Table 9 compare the two thermal storage methods in terms of annual
operating profit and life-cycle economic performance, respectively. Annual operating profit
is obtained by aggregating NBy,,; over the annual evaluation period. For the electricity
spot-market case considered here, NByy; = NBy,. As shown in Figure 18, the annual
operating profits of the unit in the urban primary district heating network under the
reference condition, the conventional district heating network thermal storage method,
and the bypass thermal storage method are 5.54 million yuan, 6.44 million yuan, and

6.86 million yuan, respectively. The bypass thermal storage method yields the highest
annual operating profit.
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Figure 18. Comparison of annual operating profit in the electricity spot market.
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Table 9. Life-cycle economic performance under different district heating network thermal storage methods.

Present Value of Present Value of
Scenario Incremental Operating Incremental Operating NPV
Profit Under Peak-Price Profit Under Valley-Price (Million Yuan)
Conditions (Million Yuan) Conditions (Million Yuan)
Conventional thermal 021 534 554
storage method
Bypass thermal storage 0.30 785 8.02

method

Table 9 further shows that, with the conventional district heating network thermal
storage method, the present values of incremental operating profit under peak- and valley-
price conditions are 0.21 million yuan and 5.34 million yuan, respectively, resulting in an
NPV of 5.54 million yuan. With the bypass thermal storage method, the corresponding
present values increase to 0.30 million yuan and 7.85 million yuan, respectively, and the
NPV reaches 8.02 million yuan, representing an increase of 44.70% over the conventional
district heating network thermal storage method. These two sets of results corroborate
each other, indicating that the bypass thermal storage method not only increases annual
operating profit but also provides better life-cycle economic performance after the costs of
the bypass devices are taken into account.

7. Conclusions

This study applies a bypass thermal storage method to exploit the thermal storage
potential of a return-water network. It also develops a bilevel optimization model for CHP
operation in an urban primary DHN and a long-distance DHN under different electricity-
market mechanisms. The main conclusions are as follows:

(1) When all typical heat-load and typical electricity-price scenarios are jointly incor-
porated into the optimization, thermal storage bypass devices do not need to be
installed at every station. Appropriate installation at selected nodes can effectively
utilize the thermal storage potential of the return-water pipe network, expand the
electrical power adjustment range of combined heat and power units, and improve
their operating economy. In the cases considered in this study, the bypass flow is
concentrated mainly at intermediate and distant heating substations.

(2) Under network thermal-release conditions, the combined heat and power units oper-
ate more economically. In the peak-shaving ancillary services market, the real-time
heat-supply power of the heat source decreases, bringing the unit load ratio into
the compensated peak-shaving range and thereby generating compensated peak-
shaving power. In the electricity spot market, during the initial stage of thermal
release, the units increase their electrical power output under peak-price conditions
to increase electricity-generation revenue and reduce their electrical power output
under valley-price conditions to reduce operating losses.

(3) Compared with the conventional district heating network thermal storage method,
the bypass thermal storage method yields a higher total operating profit. In the peak-
shaving ancillary services market, the peak-shaving compensation revenue obtained
using the conventional district heating network thermal storage method is insufficient
to offset the reduction in unit operating profit. By contrast, the life-cycle NPV reaches
10.8621 million yuan when the bypass thermal storage method is adopted. In the
electricity spot market, the life-cycle NPV obtained using the bypass thermal storage
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method is 44.70% higher than that obtained using the conventional district heating
network thermal storage method.

This study provides an engineering basis for utilizing DHN thermal storage to enhance
CHP operational flexibility and economic performance. The proposed optimization frame-
work can be applied to other DHNs, with optimal bypass configurations and economic
benefits depending on local engineering conditions and market rules. Future research will
investigate bypass thermal storage and its economic optimization in DHNSs integrating
multiple types of heat sources, including renewable energy sources.

Author Contributions: L.R.: Writing—Original Draft, Visualization, Software, Data Curation. J.W.:
Writing—Review and Editing, Supervision, Funding Acquisition, Conceptualization. J.G.: Methodol-
ogy, Formal Analysis, Data Curation. X.G.: Software, Project Administration, Data Curation. C.Q.:
Supervision, Project Administration, Conceptualization. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (No.
52208104) and the Hebei Natural Science Foundation (No. E2024202065).

Data Availability Statement: The numerical model, input parameters, and anonymized measure-
ment data supporting the findings of this study are available from the corresponding author upon
reasonable request.

Acknowledgments: We would like to thank the Hebei Gongda Keya Group Co., Ltd. for providing
the necessary data and field study platform. Jinda Wang is thankful for support from the Initial
Research Funding of Hebei University of Technology.

Conflicts of Interest: Author Xiaoyu Gao was employed by the company Hebei Gongda Keya Energy
Technology Co., Ltd. The remaining authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as potential conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

ARI Adjusted Rand index NPV Net present value
CHP Combined heat and power WCSS Within-cluster sum of squares
DHN District heating network

Retrofit cost of the thermal storage Equivalent electrical output under

Cp reform QCHPele equ
’ bypasses, yuan “I" " condensing-only operation, MW
Total life-cycle cost of the bypasses, CHP Maximum electrical output under
Cb,totul Q ele,max . .
yuan condensing-only operation, MW
Cole Electricity price, yuan/MWh QCHP input Input power of the unit, MW
Fuel cost per unit of lower heatin
Chuel value yu:n /MWh & Qu Heat exchange power, MW
- Cost of other materials and
C P , MW
bothers  2ssociated construction, yuan Q P power
Thermal output of the heat source
Cib/pipg Bypass-pipe cost, yuan Qsc hr under the thermal-release
condition, MW
Cib,vﬂl Bypass-valve cost, yuan r Annual interest rate
Maximum permissible ramp rate
Cth Heat-selling price, yuan/MWh Rat, of the heat-source supply
temperature, °C/h
Return-water temperature at the
Cw Specific heat capacity, k] /(kg-°C) T5 heat source under the

thermal-release condition, °C
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Reference supply water

D Di ter, Ts¢
rameter, m sref temperature at the heat source, °C
Eps Total stored thermal energy, GJ T, Return-water temperature, °C
FCpyel Coal consumption coefficient Ts Supply-water temperature, °C
Supply temperature under the
G B fl te, t/h T
b ypass flow rate, t/ shs thermal storage condition, °C
Maxi heat- 1
Gex Heat exchange flow rate, t/h T imax aximuin ei SOUTCe SupPy
temperature, °C
Total circulating flow rate at the
G ir heat source under the %4 Volume, m3
thermal-release condition, t/h
Number of years in the analysis
NB O ti fit of th it,
op perating profit of the unit, yuan y period
Peak-shaving ancillary service Slope of the back-pressure
N Bps XBC,1 . .
revenue, yuan ’ operating line BC
Total operating profit of the unit, Annual aggregate operating-profit
NB total AN Bay .
yuan increment, yuan
Reduction in the th 1 output,
NPV Net present value, yuan AQu i wauc ton in the thertal otiptl
Normalized root-mean-square error, . .
NRMSE % 4 Specific electrical power loss
Numy, Number of bypass installations UCHP ele Overall electrical efficiency
OBJ Objective function Ocle Actual electrical load ratio
R tati ight of the k-th
Pk epresen ? n'/e' welg. © 'e Oele,equ Equivalent electrical load ratio
typical electricity-price profile ’
Representative weight of the u-th 0 Reference load ratio for
Pu typical heat-load scenario cleps peak-shaving compensation
PVAF Present value annuity factor Ow Density of water, kg/m?
QCHP . Electrical power output, MW T Time, h
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