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ABSTRACT In northern China, the combined heat and power (CHP) units account for a large proportion of
the local generation capacity. However, the inherent heat-power coupling of CHP units poses a large barrier
for wind power accommodation. To facilitate the local wind integration, the key is to improve the flexibility
of the CHP system, and there are two types of feasible methods. One is the addition of heat storage tanks
and electric boilers into the CHP system, and this method has been considered in the scheduling of the CHP
system, such as the unit commitment (UC) optimization. The other type of method is the flexibility retrofit
of CHP units, including the two-stage bypass modification and low-pressure cylinder removal (LPCR).
However, prior research has not attempted to integrate the flexibility retrofit into the UC scheduling. To fill
this gap, this paper proposes a novel UC model incorporating the bypass and LPCR retrofit of CHP units.
In this model, the constraints on the safe operation region, fuel cost, reserve provision, ramping and mode
switching of different types of CHP units are thoroughly described. Cases studies are conducted on a test
system. Simulation results show that the proposed UC model is capable of utilizing the bypass and LPCR
retrofit to facilitate wind accommodation, with the wind curtailment reduced by 81.94% and 20.45% under
the bypass and LPCR retrofit, respectively.

INDEX TERMS Unit commitment (UC), combined heat and power (CHP) units, flexibility retrofit, two-
stage bypass modification, low-pressure cylinder removal (LPCR).

ABBREVIATIONS C ~H . . .
Sets of d t d CHP ts,
CHP  Combined heat and power. 9=, 9 rees;ecotive(iin cnsing unis an Hns
;I)Iéc IPIltgh-pr§§s:1re cylinder. lind ghe Set of CHP units with bypass retrofit.
ftermeciate-pressure cyinder. ght Set of CHP units with LPCR retrofit.
LPC Low-pressure cylinder. . .
. R Set of wind farms, indexed by r.
LPCR Low-pressure cylinder removal. . . .
. . T Set of dispatch periods, indexed by ¢.
ucC Unit commitment. . . .
. K Set of heating districts, indexed by k.
HPB High-pressure bypass. H . 1 S
Gy Set of the CHP units providing heat to district k.
LPB Low-pressure bypass. .. . . .
Q Set of all decision variables in unit
commitment.
NOMENCLATURE
SET AND INDICES
G Set of all thermal units, indexed by g.
PARAMETERS

(Q’gi,P’gi) Coordinate of the iy, corner point in the jg,sub-
region of the safe operation region of CHP unit g.
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Ng Number of corner points in the j;, sub-region
of the safe operation region of CHP unit g.

kg,(Y , b‘sz Slope and intercept of the line from point X
to point Y in the safe operation region of CHP
unit g, respectively.

E; /1_?; Upper limit on the up-/down-reserve of ther-
mal unit g.

0§ /0y  Up-/down-ramping limit of thermal unit g.

At Time interval of one dispatch step.

(X, Péf ) Heat and power output at point X in the safe
operation region of CHP unit g.

ag /by Coefficients for the variable/fixed fuel cost of

thermal unit g.
M A sufficiently large positive number.

n Efficiency of bypass system.

dy, by, ¢, Coefficients in the general expression for the
pure-power state of CHP unit g.

Tg‘|r /Ty Minimum time periods for the link valve of
CHP unit g to keep being closed/opened.

C g Start-up cost of thermal unit g.

cRe Cost for wind curtailment per MWh.

cLs Cost for load shedding per MWh.

7Y /TP Minimum on/off time of thermal unit g.

Py /P, Maximum/minimum output of thermal unit g.

PRA Available wind power at wind farm 7 in time ¢.

PPL Power load in time .

Qﬁc Heat load in district k in time ¢.

¢l /¢=  Factor of the up-/down-reserve requirement
related to system load.

¢R+/¢R= Factor of the up-/down-reserve requirement
related to wind power.

BINARY VARIABLES
1 g Commitment indicator for thermal unit g in
time ¢.
S5 /Sh Start-up/shut-down indicator for thermal unit g
in time ¢.
I{g, Binary variable denoting if the operating point

of CHP unit g in time ¢ falls into the j,, sub-
area of its safe operation region.

I g Binary variable denoting if the heat output of
CHP unit g in time 7 exceeds Q.

CONTINUOUS VARIABLES

ol /Pg Heat/power output of CHP unit g in time 7.

C% / Cgct Fuel cost of CHP/condensing unit g in time ¢.

Rg: /Ry Available up-/down-reserve of thermal unit g
in time 7.

P;ft Power output of CHP unit g if it is operating at
the state X in time ¢.

yéit Combination coefficient for the i, corner point

in the j; sub- region of the safe operation
region of CHP unit g in time ¢.
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w;t /Wt Auxiliary variable denoting if the link valve of
CHP unit g is closed/opened in time ¢.

pcon Power output of condensing unit g in time z.

P%O / Pftc Dispatch output/wind curtailment at wind farm
r in time ¢.

I. INTRODUCTION

A. MOTIVATION

Combined heat and power (CHP) units are the major con-
tributor for providing heat in many countries [1], [2], and
these units also account for a large proportion of local thermal
generation capacity [3], [4]. Simultaneously, massive wind
power has been installed around the world [5]. Take the inner
Mongolia in northern China as an example, the local installed
capacity of wind power has reached 4.57 GW in 2022, with
an annual growth rate of 27.0% from 2018 to 2022 [6].
However, the inflexible operation of CHP units poses a serios
barrier for the accommodation of local wind power. This is
because the heat and power output of CHP units are strongly
coupled, which narrows their power adjustment ability [7],
[8]. Under the strong heat-power coupling, CHP units have
to cover a large portion of power demand in the periods of
high heat demand. Correspondingly, the room for renewable
integration shrinks and the CHP system may need to curtail
large renewable power for the sake of power balance.

Flexibility improvement of the CHP system is an impor-
tant way to facilitate the wind power integration in northern
China. Currently, there are mainly two types of methods for
the flexibility enhancement. The first method relies on the
integration of heat-power decoupling devices into the CHP
system, which mainly include the heat storage tanks (see [9],
[10]) and electric boiler (see [11], [12]). The second type
of method utilizes the flexibility retrofit of CHP units them-
selves, such as the two-stage bypass modification (see [7],
[13]) and low-pressure cylinder removal (LPCR) (see [12],
[14], [15]).

This paper focuses on the flexibility retrofit of CHP units.
Particularly, it is noticed that the previous scheduling mod-
els of the CHP system have not considered the flexibility
retrofit of CHP units yet, such as the unit commitment (UC)
scheduling. It motivates this paper to develop an effective
and tractable UC model which can incorporate the flexibility
retrofit of CHP units.

B. LITERATURE REVIEW

Some research has been carried out to study the effects
of the flexibility improvement methods on accommodating
renewable power. The work in [7] compares the heat storage
tanks, electric boilers, two-stage bypass and LPCR in terms
of their capability in facilitating wind absorption, and the
results show that the electric boilers and bypass have the
overall best performance. Similarly, the efficiency of elec-
tric boilers and bypass modification in improving renewable
consumption is also highlighted in [16]. The study in [13]
builds a series of mathematical models to analyze the wind
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accommodation ability of the CHP units under different flex-
ibility improvement methods, and it is found that the CHP
units with two-stage bypass have the best capability while
it is the worst with heat storage tank. Reference [17] pro-
poses a novel CHP system integrated with various flexible
technologies, and the simulation reveals the ability of heat
storage and LPCR in facilitating the wind power integration.
Reference [18] focuses on the flexibility retrofit of CHP
units and the quantitative analyses show that, compared to
the high back-pressure retrofit, the LPCR retrofit presents
greater potential to improve the renewable accommodation.
In summary, the prior work in the literature has showed
that various flexibility improvement methods are effective in
improving the renewable integration in the CHP system.

Meanwhile, some prior studies have attempted to integrate
the flexibility improvement into the operational scheduling
of the CHP system. The heat storage and electric boiler
have been considered in the centralized dispatch of the CHP
system [19]. These two devices have been also incorporated
into the UC optimization of the CHP system, see [20]. Fur-
ther, [3] investigated how to combine the flexibility of heat
storages with the improved modelling of ramping and reserve
constraints in UC. The electric boiler is also utilized in the
economic dispatch of the CHP system to accommodate wind
power [21]. Besides, an integrated UC and economic dispatch
model for the CHP system is established in [22], which
leverages the flexibility of heat storages and electric boilers
to reduce the wind and solar curtailment. In reference [4], the
renovation based on the internal and external thermal storages
is applied to CHP units and included in the UC modelling of
the CHP system.

The above discussions show that some UC models have
already considered the flexibility improvement of the CHP
system, but they only focus on the application of heat storages
and electric boilers. To be contrary, the two-stage bypass
modification and LPCR are two typical technologies for the
flexibility retrofit of CHP units, but they have not been inte-
grated into the UC optimization of the CHP system. Either,
it is not clear how to model these two retrofit techniques in
the UC modelling.

C. CONTRIBUTIONS

To fill the aforementioned gaps in the literature, this paper
proposes a novel UC model which explicitly accounts for the
two-stage bypass and LPCR of CHP units. In this model, the
operation of the CHP unit without and with flexibility retrofit
is thoroughly modelled based on the operational character-
istics and retrofit principles of CHP units. The modelling of
the CHP units involves their safe operation regions, fuel cost,
ramping capability, reserve capacities and mode switching.
The effectiveness of the proposed UC model is also verified
by case studies.

The work in this paper has the following contributions:

o In this paper, the operation of the CHP units with
two-stage bypass and LPCR is modelled through
tractable formulation, which can be readily integrated

VOLUME 12, 2024

into the UC modelling. In the formulation, the con-
straints on the safe operation region, operating cost,
ramping, reserve provision and mode switching of the
CHP units are described in detail. Such formulation
enriches the understanding on how to model the oper-
ation of CHP units with flexibility retrofit.

« This paper proposes a novel UC model which can incor-
porate the bypass and LPCR retrofit of CHP units. This
UC model fills the gap in the literature that the existing
relevant UC models have not attempted to utilize the
two-stage bypass and LPCR. The proposed UC model
can be used to release the hidden flexibility of CHP
units, enabling the integration of more wind power in
the day-ahead dispatch of the CHP system.

o Case studies show that the proposed UC model can
effectively exploit the flexibility from the bypass
and LPCR retrofit to facilitate wind accommodation.
Numerical tests also compare the capability of bypass
system and LPCR in improving wind integration.

D. ORGANIZATION OF THE PAPER

This paper is structured as follows. Section II presents how
to model the operation of different types of CHP units.
Section III gives the full formulation of the proposed UC
model. Section IV conducts case studies. Section V concludes
the paper.

Il. MODELLING OF THE OPERATION OF CHP UNITS

This section models the operation of different types of CHP
units, which involves the safe operation region, fuel cost,
ramping, reserve provision and mode switching of the units.
Here, the CHP units are categorized into the ones without
flexibility retrofit, the ones with bypass retrofit and the ones
with LPCR retrofit.

A. OPERATION OF CHP UNITS WITHOUT FLEXIBILITY
RETROFIT

The extraction-type CHP unit is widely applied in China,
and it generally consists of high pressure cylinder (HPC),
intermediate pressure cylinder (IPC), low pressure cylinder
(LPC) and other mechanical components [7]. The operational
principle of the extraction-type CHP unit is shown in Fig. 1.
It is seen that part of the exhaust steam from the IPC enters
the LPC to generate power, while the other part enters the
heating network to produce heat. In practice, a CHP unit can
adjust the inlet steam flow rate of the LPC by controlling the
extraction valve and link valve, thus regulating both the power
and heat output of the unit.

1) SAFE OPERATION REGION

In [7], a typical CHP unit in northern China is taken as the
research object, and it is found that the safe operation region
of the CHP unit can be described by a pentagon, see Fig. 2.
This region is surrounded by five boundaries AB, BC, CD,
DE and EA. Lines AB and ED represent the heat-power
coupling curves under the maximum and minimum main
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FIGURE 1. Operational principle of extraction-type CHP unit.

steam flow rates, respectively. Line AE denotes that the CHP
unit operates in the pure-power (condensing) mode. Line BC
depicts the operation curve under the maximum extraction
rate of the heating steam, i.e., the heating output of the
unit reaches its upper limit. On the line CD, the steam flow
entering the LPC reaches the minimum required rate.
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FIGURE 2. Safe operation region of the CHP unit without flexibility
retrofit.

From Fig. 2, it is clear that the upper and lower limits
on the power output of the CHP unit depends on its heat
production. As the heat output increases and exceeds Q?
(i.e., 176.51 t/h), the adjustment range of the power output
becomes narrower, and the minimum allowable power output
gradually increases. And in the periods with high heat load,
the CHP unit has to maintain a high level of power output
in order to meet the heat demand. As a result, the CHP
system may not have sufficient room to accommodate all the
renewable output.

Assuming that the CHP unit operates at the point H in
Fig. 2, its heat output Qg and power output Pg can be
represented by a convex combination of the coordinates of the
corner points A-E [20]. Mathematically, this can be expressed
as:

N
H 2 1.,1
Qg[ = Qgiygit (1)
i=1
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N
11
PZ = ZPgngit @)
i=1
Ver = 0,Vi=1,--- N, 3)
N
Z Vgliz =1 g (4)
i=1
where (Q};,l., P;,l.) denotes the coordinate of the iy, corner point.

2) RESERVE CAPACITIES

Through the adjustment of power production, CHP units can
provide upward reserve RZ{, and downward reserve Ry, to the
CHP system. As shown in Fig. 2, the available R;t and Ry,
are related to the heat output of the unit, with R;, bounded
by line AB and R,, bounded by lines ED and DC. Thus,
the reserve capacities of the unit can be expressed by the
following constraints:

P+ RY, < kiBQM 1+ p2P10 (5)
Po = Ry = kg O + b I (©)
Pl — Ry > k€ QM + b2C19 @
0 <R}, <R, ®)
0 <Ry <R, ©

where kng and bifY denote the slope and intercept of the line
connecting points X and Y, respectively.

3) RAMPING LIMITS

The ramping limits of the CHP unit can be modelled based
on its pure-power (condensing) state. To illustrate this point,
line HH’ is built and it is parallel to line AB, see Fig. 2. Point
H’ denotes the pure-power state corresponding to H, and the
pure power at H’ can be calculated by (10). As the operating
state of the unit shifts from H’ to H, less steam enters the
LPC to produce power while more steam is extracted for
heat production, but the main steam flow rate from the boiler
remains constant. Meanwhile, for the sake of operational
safety, the change rate in the main steam flow rate needs to
be restricted. Since the CHP unit has the same main steam
flow rates at states H and H,’ the restriction on the main steam
at H is equivalent to that at H.’ This is further equivalent to
restricting the ramping of the pure-power at H,” where all the
main steam is used for power generation. Based on the above
analysis, the following constraints can be developed to limit
the change rate in the main steam flow under any working-
state (pure-power or not).

A A 10)
P — P! <o, 10f At + S max (OF A1, PE) (11)

P — Pl < 1,07 At + Sh max (07 At PE)  (12)

where Pg, is the power output at the pure-power state; Pif
represents the power output at the operating point X in Fig. 2.
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4) FUEL COST

Since the main steam flow rate of the CHP unit at state H is
the same as that at state H,” the fuel cost at H is equal to that
at H’ and can be expressed by (13), where the right-hand side
of the equation denotes the fuel cost of the CHP unit under
pure-power state.

CH = 4P + byl (13)

B. OPERATION OF CHP UNITS WITH BYPASS RETROFIT
As for the bypass retrofit of CHP units, this paper focuses on
the two-stage bypass modification since it has been carried
out in northern China [23]. Actually, the two-stage bypass is
advantageous in its high steam flow, high heating power and
low overtemperature risk of the reheater [24].

The operational principle of the CHP unit with two-stage
bypass is illustrated in Fig. 3 [7]. It can be observed that:
1) part of the main steam is desuperheated and depressurized
by the high-pressure bypass (HPB), mixed with the exhaust
steam from the HPC, and then enters the reheater; 2) part of
the reheated steam is desuperheated and depressurized by the
low-pressure bypass (LPB), mixed with the extraction steam
from the IPC, and is then fed to the heating network heater.

Generator

To condenser

Main steam

v Extraction
JAY
valve

Reheated steam Heating network

Boiler

FIGURE 3. Operational principle of extraction-type CHP unit with
two-stage bypass.

It should be noted that this paper focuses on the UC mod-
elling and the impact of bypass retrofit on UC scheduling,
rather than the design or dynamic simulation of bypass sys-
tems. The existing design of two-stage bypass from [7] is
used in this paper since it is the typical representation of the
bypass systems in northern China. As for the influence of the
internal parameters (e.g., valve characteristics) on the bypass
performance, readers can refer to [25] and [26].

1) SAFE OPERATION REGION
After the bypass retrofit, the safe operation range of the CHP
unit in Section II-A can be expanded from the area ABCDE
to area ABFGDE (see Fig. 4 [7]), so its operational flexibility
is enlarged. Particularly, for the periods with high heat load,
the bypass-CHP unit can shift its operating point down below
area ABCDE to further reduce its power output, providing
larger room for renewable integration.

It is also shown in Fig. 4 that, different to area ABCDE,
area ABFGDE is not a convex polygon. In order to model the
heat-power output of the unit, area ABFGDE is divided into
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three convex sub-regions: ABCDE (sub-region 1), CKGD
(sub-region 2) and BFKC (sub-region 3). Note that line CK
is parallel to both lines BF and DG.
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FIGURE 4. Safe operation region of the CHP unit with bypass retrofit.

Let (Q;l., P;l.) denote the coordinate of the iy, corner point
in the j, sub-region, the heat output Q% and power output P,
of the bypass-CHP unit can be expressed by the combination
of the corner points in all sub-regions, as shown below.

s M
Q=22 Qi (14)

j=1 i=1

3 N
Pl =" PuVur (15)

j=1 i=1

Vi Z 0. ¥i=1,---  Nj,¥j=1,23 (16)
N
Sy =1, (17)
=1

3
2l =1 as)
j=1

Note that with (17)-(18), the CHP unit can operate in only
one of the three sub-regions during any given time interval.

2) RESERVE CAPACITIES
Depending on the heat output QZ, the upper power limit of
the bypass-CHP unit is determined by line AB or BF, so the
following constraints can be used to model the up-reserve
capacity of the unit.
H + AB HH B
P+ Ry, < k2P0H + b} (19)
H BF HH | 1 BF
P+ Ry < k" Qu + by (20)
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0<R} <IOR, 1)

The lower power limit of the bypass-CHP unit is deter-
mined by lines ED, DG and GF. Note that lines ED and
DG are intersected in a non-convex manner. To model
the down-reserve capacity of the unit in a tractable way,
a new binary variable IgD, is introduced and it denotes if the
heat output of the unit exceeds Q7. With 17, the available

down-reserve can be constrained by (22)—(278)1.’
on = 1207 (22)
Pl — Ry = kPOl + bE 1 — 10M (23)
Pl — Ry > k2908 + b91S + (152 — 1) M Q4
Pl — Ry, > kT Ol + b5 1S (25)
0 <R} <R, (26)
0<R, <R, (27)

Specifically, if ngi < Q? , constraint (22) will enforce I th =
0, and constraint (23) will be activated, with line ED bounding
the down-reserve; if Q? < QZS < QY constraint (22)
allows Ige to equal 1, so constraint (24) (i.e., line DG) can be
activated to bound the down-reserve; similarly, if Qg exceeds
Qg, 1 g[; can take the value of 1 to activate (24), with the
down-reserve bounded by line DG or GF (depending on QZ).

3) RAMPING LIMITS

Similar to the CHP unit without retrofit, the ramping capac-
ity of the bypass-CHP unit can be modelled based on
its pure-power state H.” The key is how to identify the
pure-power at H* and express it in a tractable way.

a) If the operating point H of the unit is in area ABCDE,
the unit is operating in the conventional extraction mode and
the corresponding pure-power at H’ can be expressed by
constraint (10).

b) If H is in area CKGD, the bypass system is working
and part of main steam is extracted for heat production.
In this process, part of the available energy is lost since
some high-grade steam is artificially converted into low-
grade steam [7]. This is the result of the second law of
thermodynamics. The lost energy AE can be estimated by
the method in [7]:

AE =D1E| — Dy)E, (28)
E1 = (h — ho) — To(S1 — So) (29)
Ey = (hy — ho) — To(S2 — So) (30)

where D1, E1, hy and S are the flow rate, available energy,
enthalpy, entropy of high-grade steam, respectively; Dj, E,
hy and §; are the flow rate, available energy, enthalpy, entropy
of low-grade steam, respectively; ho, To and Sy are the steam
enthalpy, steam temperature and steam entropy in environ-
mental state, respectively.

If the energy loss is neglected, the operating state of the
unit will be shift upward from H to H,* as shown in Fig. 4.
Clearly, H” has the same heat output as H, but its power output
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is higher. Based on the coordinate of H,* the pure-power
point H* can be found, with H*H’ parallel to AB. Moreover,
H*H’ and CD are intersected at point H.* To avoid confusion,
the operating states denoted by points H,” H,*H* and H are
re-listed as below:

o H’: the unit operates in the condensing mode and the
bypass system is not working;

o H*: the inlet steam flow rate of LPC has reduced to the
minimum limit and the bypass system is not working;

« H*: the bypass system is working and the energy loss is
neglected;

o H: the bypass system is working.

From H* to H,* a larger part of the main steam is extracted
through the bypass system and used for heat generation. Also,
the main steam flow rate of the unit remains constant at points
H, H* H*, and H.

Besides, the relationship between the power outputs at
points H, H* and H* has been also studied in [7] and can be
expressed by (31).

H* H*
_Pa — Py
n

where 7 is the efficiency of bypass system and it can be
derived based on the estimation of the energy loss AE; the
details to derive 1 can refer to [7] and are not unfolded
here; it should be noted that the bypass modification intro-
duces additional dynamic elements (e.g., pressure changes),
the influence of the dynamic factors on the bypass system
performance can refer to [27] and [28] and is not the research
focus of this paper.

Meanwhile, constraints (32)-(34) hold since H* has the
same heat output as H, line H* H” is parallel to line AB and
H* is on line CD, respectively.

€1y

#
on =0f (32)
# * # *
Pl — Pi = k%0 —0u) (33)
P — PP = k20 — 0D) (34)

Based on the coordinate of H,* the pure power at H’ can be
expressed by the following constraint.
’ H* AB HH*
PZ =Py — kg (33)

By combining (31)-(35), it is easy to express the pure
power at H’ as a linear function of P} and Q% as shown
below.

a 1kGE — k)

k?B(ngC _ kgAB)
gt kgAB _ nngC 8t

AB DC
kg —nkg
AB D DC nHD
KAB(1 — ) (PP — kPCQP)

k?B _ nké)C

H
Qg[

(36)

c) If H is in area BFKC, the pure-power state H’ can be
identified in the same principle as that when H falls in area
CKGD. Two lines HH,* H*H’ can be also built, with H*H’
parallel to AB. Thus, constraints (31)-(33) still take effects.
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The only difference is that H* is located on line BC, i.e.,
constraint (37) holds. By combining (31)-(33), (35) and (37),
the power output at H’ can be identified through (38).

o = of (37)
, kAB kABQB(l _ )
Pl =P - 2o + 22— i (38)

The above analysis shows that the expression of the pure-
power Pg depends on the area that H falls inside, but it can
be written in the following general form:

PH d, Pl + b, + ] (39)

where the coefficients @y, b}, and c; depend on the area that H
falls inside, and they can be easily extracted from (10), (36)
and (38).

Further, by combining (14)-(17) and (39), the expressions
for Pg/ in different cases can be integrated into one single
constraint, which is tractable for UC optimization:

ZWZ

Finally, the ramping constraints for the bypass-CHP unit can
be constructed as (11)-(12) and (40).

Vi + v Z Qfglyg” +d 1’ (40)

4) FUEL COST
Similar to the CHP units without retrofit, the fuel cost of the
bypass-CHP unit can be expressed by (13).

C. OPERATION OF CHP UNITS WITH LPCR RETROFIT

If the LPCR retrofit is applied to a CHP unit, the link valve of
the unit can be closed to cut off nearly all the steam entering
the LPC (see Fig. 5). This reduces the power output of the unit
and allows more steam to enter the heating network through
the extraction valve. As a result, the CHP unit can provide
the same amount of heat with less power output. Note that
after the LPCR retrofit, the power generation of the LPC
can be switched between “non-zero” and “zero” by closing
and opening the link valve. The design of the LPCR system
from [7] is used in this paper and more technical details of

LPCR can be also found in [7].

To condenser

Cooling valve

Main steam

Improved
link valve

¥ Extraction
valve

d

Boiler

Reheated steam

Heating network

FIGURE 5. Operational principle of extraction-type CHP unit with LPCR.
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1) SAFE OPERATION REGION AND FUEL COST

Suppose the CHP unit in Section II-A completes the LPCR
retrofit, its safe operation range will change, as shown in
Fig. 6 [7]. This region can be divided into three sub-regions:
area ABCDE (sub-region 1), line B’C’ (sub-region 2) and
line C’D’ (sub-region 3). By closing and opening the link
valve, the operation region can be switched back and forth
between the area ABCDE and lines B’C’-C’D.” Note that
the unit cannot operate in the areas BB’C’C and CC’D’D.
By transferring the operating point to lines B’C’-C’D,’ the
unit can produce less power output while meeting the high
heat load, leaving larger room for renewable integration.
Also, the heating capability of the unit is enhanced.

A (0, 356.48)

B’ (750.69, 234.34)

o 300r B (550, 262.75)

[\
W
(=]

C (550, 232.86)

Py
®—

\

C’ (690, 216.67)

Power output (MW
S
(=)

—_—
D
(=]

Py

100 VA
D (176.51, 112.51)

D’ (316.51, 96.32)

50

1 L L L L 1 L 1

0 100 200 300 400 500 600 700 800
Heat output (t/h)

FIGURE 6. Safe operation range of the CHP unit with LPCR retrofit.

Same to the bypass-CHP unit, the heat and power output
of the LPCR-CHP unit can be modelled by the combination
of the coordinates in the sub-regions, see (14)-(18), and the
fuel cost can be expressed by (13).

2) RESERVE CAPACITIES

The LPCR-CHP unit can provide up- and down-reserve when
it is operating in the sub-region ABCDE, with the up-reserve
bounded by line AB and the down-reserve bounded by lines
ED and DC. However, if the unit operates on the line B’C’ or
C’D,’ the unit cannot adjust its power output under the given
heat output, i.e., the unit has no reserve capacity. Based on
the above analysis, the up- and down-reserve capacities of the
LPCR-CHP unit can be modelled by constraints (41)-(45).
With these constraints, the up-reserve RZ,Lt and down-reserve
R;, can be non-zero only when I;l = 1, i.e., when the unit
operates in the area ABCDE.

Nl

Ny

2 1.,1 ABE :
Pgiygit + R = <k ngygtt

i=1

i=1

vePl,, 41)
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Ng

= k" D Quvey + "Ly (42)
i=1
Nl

> kPC Z Quiven + V5T, (43)

Z iVsit
i=1

o+
0<Rf <R, (44)
0<Ry <R, (45)

Z lygll

3) RAMPING LIMITS

Similar to the bypass-CHP unit, the ramping limits of the
LPCR -CHP unit can be modelled based on its pure-power
state H.” The expression for the pure-power at H’ depends on
the sub-region that the operating point H falls at.

a) If H is in area ABCDE, the corresponding pure-power
at H’ can be expressed by constraint (10).

b) If H is located on line D’C,’ there exists an operating
point H* on line DC, and as the operating state of the unit
shifts from H* to H (see Fig. 6), the link valve of the unit is
closed and the steam flow entering the LPC reduces from the
minimum required amount to nearly zero. Correspondingly,
the power generation of the LPC turns from “non-zero” to
“zero” and the steam flow for heating is increased. Ref-
erence [7] has provided the linear relationship between the
power generation of the LPC and its inlet steam flow. This can
be used to develop the relationship between the coordinates
of H and H*:

P — P — kK (Qg —off ) —bf (46)
where kg and bg are fitting coefficients and their values are
set to 0.2014 and 12.01 in [7], respectively.

Considering that point H* is located on the line DC, the
following constraint also holds:

Pl =Y =k (0 - 2?) @7)

In addition, the coordinate of H* and the pure power at
H’ satisfy the relationship in (35). Thus, by combining (35)
and (46)-(47), the pure power at H’ can be expressed as a

linear function of QH and Pgt, as shown below.

e
gt ké)c +k£? 8t
HRULE iy
KDC ik e
(k£ -+ k2) (PP — K QP) — WP — ko8
KDC 4 kR

+

(48)

¢) If H is located on line B’C, there exists an operating
point H* on line BC, and as the operating state of the unit
is switched from H* to H, the link valve is closed. This is
similar to the case when H is located on line D’C.” Thus,
(46) can be still used to describe the relationship between the
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coordinates of H and H*. Meanwhile, it is obvious that the
following constraint (49) holds since H* is located on line
BC. By combining (35), (46) and (49), the pure-power at H’
can be expressed as (50).

o = 0f (49)
P = P+ k§QG — (e + kD07 -0 (50)

Constraints (48) and (50) show that the pure-power PH "can
be expressed by the general form in (39), and the coefflclents
a’g, b, and ¢y can be easily extracted from (10), (48) and (50).
This is 51m11ar to the case for the bypass CHP unit. Fur-
ther, by combining (14)-(17) and (39), P g,s can be expressed
by (40). Finally, the ramping constraints for the LPCR-CHP
unit can be formulated as (11)-(12) and (40).

4) MODE SWITCHING

By closing and opening the link valve, the LPCR-CHP unit
can be switched between the “zero LPC output” mode and
the “non-zero LPC output” mode. However, the frequent
mode switching may affect the operational stability and safety
of the CHP unit.

In this paper, the following constraints are employed to
restrict the switching frequency In these constraints, new
continuous variables wg, and wy, are introduced, I;, and 1, 3
represent whether the unit operates on lines B’C’ and C’ D ’
respectively. Specifically, these constraints guarantee that if
the operation region of the unit is switched from area ABCDE
to lines B’C’-C’D’ (i.e., the link valve is closed), the unit
will operate on lines B’C’-C’D’ and the link valve will keep
closing for at least T; time intervals. Similarly, if the working
region is switched back from lines B’C’-C’D’ to area ABCDE
(i.e., the link valve is opened), the unit will operate inside
area ABCDE and the link valve will keep opening for at least
T, time intervals. The allowable switching frequency can be
adjusted by varying the values of T+ and T, with larger
values of Tg+ and T, leading to lower sw1tch1ng frequency.

wh =L+ -1, -1, (D)
we =12, +1§t Nl A A 67))
w;,r, >0, wgt >0 (53)
t
> owh s +1 (54)
T=t—Tg +1
t
> owgs1-1-1) (55)

IIl. FORMULATION OF THE PROPOSED UNIT
COMMITMENT MODEL

Based on the modelling of the operation of CHP units in
Section II, a UC model incorporating the bypass and LPCR
retrofit of CHP units is constructed in this section. The whole
model is a mixed-integer linear optimization problem, which
can be solved by off-the-shelf solvers, like Gurobi [29].
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A. OBJECTIVE FUNCTION
The proposed UC model aims to minimize the total opera-
tional cost of the CHP system:

> ChH+ X ch+ 3 clsy
Min Z geG¢ gegt geg
@ &\ + 3 CROPICAL+ CH P Ar
re reR

(56)

where the 1st to 2nd terms evaluate the fuel costs of condens-
ing units and CHP units, respectively, the 3rd term denotes
the start-up cost of all thermal units, and the 4th to Sth terms
define the penalty costs for wind power curtailment and load
shedding, respectively.

B. OPERATIONAL CONSTRAINTS

Constraints on the unit commitment of thermal units: these
constraints involve the unit commitment status equations,
see (57a), and the minimum on and off times, see (57b)-(57¢),
of all condensing and CHP units.

U D 0 0
SY —sh=19-12,_.¥g. vt (57a)
t
Z Sg <10,V Vt (57b)
t=t—TY +1
t
> Sh<1-19.Vg. vt (57¢)

t=t—-TP+1

2) Constraints on condensing units: these constraints involve
the fuel cost function (58), the range of power output,
see (59)-(60), the capacities of up- and down-reserves,
see (61)-(62), and the ramping limits, see (63)-(64).

CS = agPS" + bl§. Vg € GE. Vi (58)
PS4+ RY <10 Py Vg € GE V1 (59)
P — Ry =10 P, Vg € GC, Vi (60)
0<R} <R, .Vge gt vt (61)
0<R, <R,.VgeGt. Vi (62)

P — PO <12, OF At + Sg max (OF At, Py),
Vg € GC, Vi (63)

C C 0 n— D - C
PSon | — PS" < 190, At + S5 max (07 At, P,). Vg € G,

\73 (64)

3) Constraints on CHP units without retrofit: see
Section II-A.

(1) - (13), Vg € GHN vt (65)

4) Constraints on CHP units with bypass: see Section II-B.

(14) — (27), (11) — (13), (40), Vg € G"E, vt (66)

5) Constraints on CHP units with LPCR: see Section II-C.
(14) — (18), (41) — (45), (11) — (13), (40), (51) — (55),

Vg e GHL vt (67)
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6) Constraints on the output of wind farms:

PRO 4 pRC — pRA vy vt (68)
PRC >0, PRO> 0, vr, vt (69)

7) System-wide power balance constraints:
Con H RO __ pPL LS
degc Pei +degH Pg’+zre73 P =P =P,V
(70)
P >0,vi (1)

8) Zonal heat-balance constraints: the heating demand is
satisfied separately within each heating district.

H L
degg Ol = Ol V1. Vk (72)
9) System-wide upward and downward reserve
requirements:
+ L+ pL R+ (
DRaz Y PO (73

deg Ry > ¢hm Pl 4 ¢® Zren PRO vy (74)

10) Other constraints: Other constraints include the DC
power flow constraints, which employ the form as in [21].

Remark 1: The proposed UC model can be readily
extended to include both heat storage and electric boilers.
To achieve the extension, the operational modelling of heat
storage and electric boilers needs to be integrated into the UC
scheduling, and the modelling methods for these devices have
received wide research (see, e.g., [21], [30], [31]). Mean-
while, the power and heat-balance constraints need to be
modified to account for the inflow/outflow heat from the heat
storage and the power consumption/heat generation from the
electric boiler (see [30], [31]).

Remark 2: The utilization of LPCR and bypass retrofit
may increase the computational burden of the UC model due
to the introduced sub-regions and auxiliary variables. Since
this paper focuses on the tractability of the UC formulation
and the effectiveness of the model in utilizing the LPCR
and bypass retrofit, the improvement of the computational
performance is left for next work. One potential method is
the heuristics for the warm-start of binary variables [32].

IV. CASE STUDIES

A test system is constructed to study the performance of
the proposed UC model. All numerical cases are coded in
MATLAB via YALMIP on a laptop with Intel Core i5-1240P
CPU and 16GB RAM, and all the optimization problems are
solved by Gurobi with the tolerance gap of mixed-integer
programming set at 0.01%.

A. CASE SETTINGS

The structure of the test system can be found in [3]. In this
paper, the system consists of four thermal units (CHP1-CHP2
and G1-G2) and a wind farm. The four thermal units have the
same technical and cost parameters, but G1-G2 only works
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FIGURE 7. The profiles of power load, heat load and available wind
power.

in full-condensing state while CHP1-CHP2 supplies both
electricity and heat.

The safe operation regions of CHP1 and CHP2 can be seen
in Fig. 2, Fig. 4 and Fig. 6, when they have no flexibility
retrofit, the bypass retrofit and LPCR retrofit, respectively.
For the CHP units with LPCR retrofit, Tg+ and Tg_ are set
to 3 h. The other parameters of the CHP units are listed in
Table 1. Specifically, the cost coefficients are determined
based on the coal consumption parameters from [33] and
the coal price of 700 CNY/t according to National Bureau
of Statistics; the start-up cost is from [34]; other technical
parameters including the ramping limits are referred to [35],
[36]. The parameters of G1-G2 can be also found in Table 1.
Note that the output ranges of G1-G2 are represented by the
line AE in Fig. 2.

The profiles of hourly total system power and heat load as
well as available wind power are shown in Fig. 7. There are
two heating districts with equal heat demands, with district
I (bus 3) served by CHPI1 and district II (bus 6) served by
CHP2. The total power load is distributed equally at two
districts. As for the reserve factors, ¢t and ¢L~ are set
to 5%, and ¢fT = ¢~ = 20% [36]. The penalty price for
the wind curtailment and load shedding are 150 CNY/MWh
and 7500 CNY/MWh, respectively [22], [37]. The dispatch
horizon consists of 24 hours.

TABLE 1. Some parameters of units CHP1-CHP2.

TV /TP (h) 8
0F /0y MW/h) | 89.1
R, /R, (MW) | 89.1
ay (CNY/MWh) | 188.5
by (CNY/h) | 685.8
¢y (10°CNY) | 57
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B. EFFECTIVENESS OF THE PROPOSED UC MODEL

To test whether the proposed UC model can utilize the
flexibility from the retrofit of CHP units to benefit system
operation, the following scenarios are studied:

1) S1: all CHP units have no flexibility retrofit.

2) S2: all CHP units complete the bypass retrofit.

3) S3: all CHP units complete the LPCR retrofit.

In scenarios S1-S3, CHP units have different safe operation
regions, and the proposed UC model is solved under each of
the scenarios. The solution time of the model is within a few
seconds.

Table 2 compares the total fuel and system costs as well
as the wind curtailment rates in scenarios S1-S3. It can be
seen that the LPCR and bypass retrofit can both improve the
operational economy and reduce the wind curtailment, but
the benefits from the bypass retrofit are much more obvious.
Under the LPCR retrofit, the amount of wind curtailment is
reduced by 20.45%, while such percentage is 81.94% under
the bypass retrofit.

TABLE 2. Total fuel and system costs as well as wind curtailment in
scenarios S1-S3.

Scenarios S1 S2 S3
Total fuel cost (million CNY) 4.90 4.78 4.63
Total operational cost (million
CNY) 5.20 5.02 4.68
Wind curtailment (GWh) 2.00 1.59 0.36
Wind curtailment rate (%) 15.36 12.22 2.77

To explain the reduced system cost and wind curtailment
by flexibility retrofit, the profiles of hourly wind curtailment
in S1-S3 are compared in Fig. 8, the profiles of the hourly
power output of thermal units in S1-S3 are plotted in Fig. 9,
the operating modes of the link valves in CHP1 and CHP2 are
shown in Fig. 10.

It is found from Fig. 8 that compared to S1, the wind cur-
tailment is lower in S2 during hours 1-6 and 23-24. In these
time intervals, the heat load and available wind power are
both high but the system load is low (see Fig. 7), so the
accommodation of wind power needs to be balanced by the
reduction in the power output of thermal units. However,
under the constraints of heat-power coupling, the CHP units
without retrofit have to maintain a high level of power output
in order to meet the heat load (see Fig. 9). This causes the
curtailment of wind power.

By comparison, the CHP units with LPCR retrofit can
choose to close the link valve during the periods with high
heat load (see CHP2 in Fig. 10), so the total power output
of CHP units can be reduced during hours 1-6 and 23-24
(see Fig. 9). Thus, more wind power can be accommodated
in S2. To present this point more clearly, the heat-power
output of CHP2 in S1-S2 during hours 1-6 are plotted in
Fig. 11 (a). It can be seen that CHP2 can have lower power
output in S2. Besides, the increased utilization of wind power
means decreased power output of thermal units and lower
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FIGURE 9. Total power output of G1-G3 and total power output of
CHP1-CHP2 in scenarios S1-S3.

consumption of fossil fuel, so the fuel and system cost can
be reduced.

Fig. 8 also shows that the bypass retrofit in S3 yields much
lower wind curtailment compared to the LPCR retrofit in
S2. This is mainly because the CHP units can have lower
power output in S3 during hours 1-6 and 23-24 (see Fig. 9).
Actually, the bypass retrofit can produce more flexible oper-
ation region for CHP units, so the power output of CHP units
under the high heat load is allowed to be lower. This point
is also reflected in Fig. 11. Besides, the LPCR-CHP units
cannot provide reserves when the link valve is closed, so the
condensing units G1-G2 have to be online to provide reserves
in hours 1-6, see Fig. 9(a). By comparison, bypass-CHP units
still have reserve capabilities, thus G1-G2 are allowed to be
offline to have zero power output in hours 1-6. This is another
reason why the room to accommodate wind power is larger
in S3.

The above results also reveal that the proposed UC model
is capable of utilizing the flexibility provided by the bypass
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400 : : : : : : :
(a) CHP2

Power output (MW)
=
(=]

Power output (MW)
S
(=)

0 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

Heat output (t/h)

FIGURE 11. Heat-power output of CHP2 during hours 1-6 in different
scenarios.

and LPCR retrofit to facilitate wind integration and reduce
operational cost.

C. DIFFERENT MODELLING ON THE RAMPING
CONSTRAINTS OF CHP UNITS

In this paper, the ramping constraints of CHP units are
modelled by converting the operating state H into the cor-
responding pure-power state H.” In the literature, there is an
alternative formulation for the ramping capacities of CHP
units (see, e.g., [22]):

P —PI lflg,_10+At+SUmax(0+At P%) (75a)
P —Pl | < Iy 0, At + SHmax (07 A, PL)  (75b)

In (75), only the ramping in the power output of CHP units
is restricted, neglecting the coupled relationship between the
power and heat output. For the 6-bus system, the UC prob-
lems considering the proposed constraints and the alternative
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in (75) are both solved, and the results are compared in terms
of the ramping safety of CHP units.

Take CHP1 as an example, its power and heat output are
converted into the corresponding pure-power, and the change
in the pure-power represents the ramping in the main steam
flow of the unit. That is, if the change rate of the pure-power
exceeds the up- or down-limit, the ramping of the main steam
flow is beyond the safe range.

—&— The proposed

The alternative — — — - Down-ramp limit
T T T T

— — — - Up-ramp limit

-100
11-12

12-13 13-14 14-15 15-16 16-17

100 T T " T
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Hour

-100
11-12

15-16

Change in pure-power (MW) Change in pure-power (MW)

16-17

FIGURE 12. Change in the pure-power of CHP1 during every two
consecutive hours.

For CHPI, its change rates in the pure power from hour
11 to hour 17 are plotted in Fig. 12. Clearly, when the
alternative constraints in (75) are employed, the operation of
CHP1 exceeds the up-ramp limit from hour 11 to hour 12 and
hour 16 to hour 17 in scenario S2; and in scenario S3, CHP1
fails to satisfy the up-ramp safety from hour 16 to hour 17.
To be contrary, the ramping safety of CHP1 can be satisfied
when the proposed ramping constraints take effect. Actually,
the results of the UC optimization show that all CHP units
can operate within safe ramping ranges under the proposed
ramping constraints.

D. SENSITIVITY ANALYSIS
To test if the flexibility retrofit can benefit system operation
under various conditions, sensitivity analysis is conducted for
different levels of fuel cost, reserve capacities and wind power
variability:

1) the fuel cost coefficient ag of each CHP unit is changed
by the percentage ranging from -40% to 40%.

2) the reserve capacities of each CHP unit are changed by
the percentage ranging from -60% to 60%.

3) To simulate different wind power variability, 60 different
wind power profiles are drawn from the actual data in a
provincial system in China.
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Under each of the above conditions, the proposed UC
model is solved for each of the scenarios S1-S3. The opera-
tional cost and wind curtailment for S2 and S3 are compared
to those for S1, and the comparison results are shown in
Fig. 13 and Fig. 14. It can be seen that, compared to the
“no-retrofit” in S1, the LPCR retrofit in S2 yields reduced
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operational cost and wind curtailment under various con-
ditions. Similar observations are also found for the bypass
retrofit in S3.

The simulation results also reveal that the benefit of LPCR
retrofit in cost reduction is larger under higher setting of fuel
cost, but such trend is converse with that for bypass retrofit.
And the cost reduction for LPCR retrofit may not be obvious
under very low reserve capacities. Besides, compared to fuel
cost and reserve capacities, the wind power profile has larger
impact on the benefits of flexibility retrofit. Among various
wind power profiles, the maximum reduction in operational
cost is 4.29% for S2 and 16.21% for S3, and the maximum
reduction in wind curtailment achieves 53.84% for S2 and
96.15% for S3.

V. CONCLUSION

This paper presents a novel UC model which explicitly
accounts for the bypass and LPCR retrofit of CHP units.
In this model, the constraints for the safe operation region,
fuel cost, ramping capability, reserve capacities and mode
switching of CHP units are thoroughly constructed in a
tractable way. The proposed model fills the gap in the lit-
erature, which has not yet integrated the bypass and LPCR
retrofit of CHP units into the UC problem. Based on the
case studies on a test system, some valuable observations are
drawn:

o The proposed UC model is capable of utilizing the flex-
ibility from bypass and LPCR retrofit to accommodate
more wind power and reduce the operational cost. For
the LPCR retrofit, the reduction in the operational cost
and wind curtailment can reach 3.46% and 20.45%,
respectively. For the bypass retrofit, these two percent-
ages can reach 10.00% and 81.94%, respectively.

o Compared to the LPCR retrofit, the bypass retrofit
enables larger reduction in both wind curtailment and
operational cost. This is mainly due to the more flex-
ible operational region and reserve capability from the
bypass retrofit.

o In addition, it is found that the proposed ramping
constraints enable the CHP units to work within safe
ramping ranges, while the conventional ramping con-
straints fail to satisfy the ramping safety.

The main advantage of the proposed UC model is that it
can utilize the flexibility of bypass and LPCR retrofit in a
tractable and effective way. Such flexibility facilitates the
wind integration and improves the operational economy of
the CHP system. Besides, this UC model is capable of
describing the accurate ramping constraints of CHP units,
which are rarely considered in the existing UC models.

The limitations of the current UC model and the future
work are also discussed as follows.

o The inclusion of flexibility retrofit may increase the
computational burden of the UC model. The heuris-
tics for warm-start will be studied in the next work to
improve the scalability of the model (e.g., see [32]).
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o The carbon-emission of thermal units is not the research
focus of this paper, but the future work will attempt to
integrate it into the UC model [38].
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