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Abstract: [Objective] Combined heat and power (CHP) technology serves as a pivotal and efficient technical
approach to reducing the comprehensive energy consumption of traditional coal-fired generating units in thermal
power plants, and the refined and accurate quantitative evaluation of heating energy consumption is extremely
crucial for further improving the overall energy utilization efficiency and energy-saving operation level of large-
scale CHP units. In complex actual operational scenarios of cogeneration units, multiple practical influential factors
will inevitably interfere with the internal energy conversion and utilization process of CHP units, resulting in
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variable additional heating energy consumption that significantly deviates from the ideal design operating state.
Typical key influencing factors include the auxiliary power consumption of supporting thermal network equipment,
the throttling regulation energy loss caused by variable heating extraction steam, and the dynamic variation of main
turbine unit back pressure induced by large-fluctuation extraction steam for industrial and civil heating. [Methods]
To systematically clarify the spatial and temporal distribution characteristics and quantitative variation rules of the
additional heating energy consumption of CHP units under diverse complex off-design operating conditions, this
paper takes a widely applied 330 MW commercial CHP unit as the core research subject and establishes a complete
and accurate variable-condition thermodynamic calculation model for the full operating range of the unit. With the
mature theoretical benchmark unit comparison method adopted to scientifically and quantitatively determine the
additional heating energy consumption, this study precisely quantifies the variable additional energy consumption
under various coupled working conditions of different electric generation loads and heating supply loads, and further
conducts comprehensive comparative analysis to explore the influence laws of key operational parameters on the
heating-related additional energy consumption of the unit. [Results] The research results indicate that the application
of steam-driven circulating pumps for thermal networks can reduce the heating energy consumption of CHP units
by 0.37~1.74 kg/GJ compared with conventional electric-driven pumps. The throttling effect of the heating butterfly
valve brings about obvious positive additional energy consumption ranging from 4.04~8.57 kg/GJ. Moreover,
heating steam extraction effectively reduces the condensing flow of the low-pressure cylinder and lowers its exhaust
back pressure, thereby generating a beneficial negative additional energy consumption of 0.42~1.17 kg/GJ.
[Conclusion] The findings of this study clarify the internal generation mechanism of heating energy consumption
variation under variable working conditions, and provide reliable theoretical support and practical engineering
guidance for energy-saving optimization, load optimal dispatch and low-energy stable operation of large-scale CHP
units.

Key words: cogeneration; energy consumption characteristics; heat network circulating water pump; heating
butterfly valve; back pressure

2026 4=

R REIR AR, REH K BEIRT  MESNREE RS ot TIRFHLECR. SHERE
KK ORI 2 M AT AR REVR HIEVERER . (B RUEZIKPLACER SR IT 2B e RER I

&, HTREEHIMITNReIE R IERM, R
ERERRIRG AN A FAARHAL A, [FR, BEE
R EIW AR R N RAETE KRR, A2 i
futaf U SRAWHE . ARG RS m A
R GRS I AT B, FESEI T AR
RIA AR, BA S RRIRR 2 s B 2,
TE [ P9 AR Tz BT 3 (1 R R = Pl R e A
M, PR D AL 50%E, Kk, P
) P EEN S T 50 Nt 7 P o e e N Py | A s Tea e
S%oF 31 1 Rk HE R A B R N, 0 R S R
f g bRt B S A A0,

AN [ 24 BRI E AT 1 2 R4 LI = L 2H B 2 35
PRIV 50007, R R 51T
filit-12, 9 2 H AT R U e E . T —
GUSIZLE Gy IR i g, SRR G TR 1
BERIRER A HTHESE . 2R G E L& T RE R R U it
PR R RS RE RGE, AR T R
FLIPCFZ 0 0 MR VAR A L (1416 - 0 R S L7056} P 4% PR
8 B B ) R G R T R B AR AR AT, T
FI AR IR RIS L RE 7o Li 25 A D8I ST
T/ 350 MW L HLAL S 30 MW R 4543
S f#%RE (compressed air energy storage, CAES) %%t

http://rifd.cbpt.cnki.net

PEREMIRE M . Li 25 NP 50 T 38 A 45 A A
600 MW JAHEEAR FE I P LA AE AN [R] 78 s FELAG L R 1)
WAL G . Campana 22 ARISHE A S RGN
P B AT TR PRI R R, B R
NI HL )RR AN IR RN AR, HRBh I
WM. Pang % ARUEH T —HFET Q 2] 3¢k
BEREE (QMA) FIFHEG” KRG 7%,
DLER 1 R G KR TH 9N e I RN RIS AT BE 77 - din 55
N2V o F BB 72 25 A e R R 40 I P B 2 s
bR RGUAT N B — BRI RE B . S5 PR
BRI IR, [R] KR X RARCR (S AT
oy W WG, FENLIR AN R R,
PR T R R G bR R HE R . 2R RS
AT REAZ MR A2 G RIS
TRIBATIET, RIS R s 58 G FARE 1Y) 5 e L
A IR DA R AR FE R AL H xR,
T8I Uk s AR AT S, SRASANFEIS AT T
AR BT

IR TAEXT A= ML T RE FEAE T R TR
ANBEFL, AH 32 B E XA R BE R U 2 5 3 aE 43
Bro B EICATRTR R . SE MR E R R R
[EIHS, AR 128 B0 T FH AR L AR ARy T IR T Y




FoM

W S SRR WA T O T BB N BERE A R PERT TT 133

PR I B S5 TR 3R AR 2 52 WA f vt )
BRI, BEm A I RERE. SR, H AT A
AT X FA R IR L B 2B I REAR BT FE 8D B
X AEFAB I BERE /> ATRFEREAT B TS, AT I
HLE T e AL 3R it AR A

NI, ASCE I ST IR LA AR T
R, IR EIA KR IRE) T 30 BRI IR A
R TOURFIEREAT 20T, SRR 5 B 10
B I B € LA A e it B i SR IR AR AL 7 A A B
INBERERI AT, JRERE X LB DL, iR
BN B E A

1 AR ER A KT EAREY
AATHEA SR RGEHIB 1T Iy SRR

PO R P A M N RERE R £, IR RS
TR, Dyit— B AL AR FETR it
Hehifto
1.1 BRI~ RS

PRI R AR A 22 B 4K D ey it o)
REF LR HL, RN e SRS ML s (B
KA BRI L) R AR A AL A BE TR A i #
IR A 4% A P B I U, TR B T AR
HA” BHEI, A AL R RE A R K
FEr o

TR B A AL HLZH 2 R FH BRI P H
LA, RIdAENLLE, MU W] R 2 25 L pa g
LI B R 2 I 1 IR HLAL I R T R Gt

it iy

# EAB,

A i F 7K A,

I L

fI% I 6T

L

) A2 AL

F A
A #h 2

‘AN mn
1% 2% 3%

_________

F— |
{I% ZU'II {I% 'fJ'II ﬂU{H 1% :U'n

65 75 89

B 1 REEKSIEARNRGERE
Fig.1 Schematic diagram of thermodynamic system of the CHP unit
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Fig.2 Off-design condition calculation flowchart
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Tab.1 Main design parameters of the unit
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THA T BT AFERI(KI (kW h)Y) 7976

HE FZEVRINE/(th ) 1002.4

HE T 75K E J1/MPa 16.67

i ERIRIEEIC 537

HE IR C 537

HEHHA E 1/kPa 5.39

EEEY 8 4 (3 whn+1 BRAE+4 AR
YRKFEIRB T YRR

HeHTr 3 PR @ IR

i R (th ) 330

75K /1/MPa 0.8
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Tab.2 Relevant calculation parameters of the heating
network circulating water pump
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FEIR K IR IR 7o 0.8
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HAIINZR Qpo/kW No/(170.0_t 77p.9_me)
HLENHL R AE BN 25 G R 17p,_amo 0.95
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Tab.3 Unit coal consumption under different electric loads

/ Qr=100 MW Qv=150 MW Qr=200 MW
Ng

MW Buwo/  Bwa/  bhg/  Bpw/ b/ B/ Bw@/  bn@/  Buwa/  bne/ Bpo/  Bup@/  bn@/  Buww/  bne/
(th?d) @thd) (kgGIYH (thY) (kgGJhH (thh) (th?Y) (kgGrY) (thh) (kgGF) (thl) (th?) (kgGIY) (thl) (kg Gl

210 7277 73.26 24.01 73.57 24.87 76.94 7743 23.74 7775 2434 81.10 81.59 23.58 81.92 24.04
230 7854 79.04 24.51 79.35 25.35 82.79 83.29 24.20 83.60 24.78 87.03 87.52 24.03 87.85 24.49
250 84.33 84.84 24.95 85.14 25.77 88.65 89.16 24.63 89.46  25.20 92.98 93.48 24.48 93.80 24.93
270 90.14 90.66 25.44 90.95 26.25 94.55 95.06 25.12 9537  25.68 98.29 98.24 23.96 99.04 24.36
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SREFHIAC 0 3% 5 0 HL B 6 (AR E e 2 1 | | cledricload
SRAG IR R 4 PR, ERAREREE 222 REARERAH
HHEL R FR B R (A BERE R ARt 4 WL HEEUHLAL ¥ B 6147 A9 2104 240, 270 MW, 78

H, R TT, RAVEIEMECRA RS AP EFE R 4 PR, SRy s #
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Tab.4 Unit coal consumption under different heat loads

N¢=210 MW Ng=240 MW Ng=270 MW
I\%\IXI Bypo/  Biw@/  bn@/ B/ bne/ B/  Bpw/  bn@/ B/ bne/ Bypo/  Bupw/  bag/  Bupa/  bney/
th?1) (th?) (kgGIhH (thh) (kgGIh (th?1) (th?) (kgGFH) (thl) (kgGIh) (th?h) (thl) (kgGI) (thl) (kgGih)
100 7277 73.26 24.01 73.57 24.87 81.44 81.94 24.72 82.24 25.56 90.14  90.66 2544  90.95 26.25
125 7486 75.35 23.85 75.66 24.56 83.58 84.08 24.53 84.38 25.21 9234 92.86 2524  93.16 25.90
150 76.94 7743 23.74 77.75 24.34 85.72 86.22 2441 86.53 24.98 9455  95.06 2512  95.37 25.68
175 79.03 79.51 23.65 79.84 24.17 87.86 88.36 24.32 88.67 24.82 96.76  97.28 25.05 9759 25.54

M2 4 AR 5 AT 40, 4 ATA 100~175 MW, Zh 5 5 R B 3h 22 () B ABEAE R 200 5 B A 1af 1)
HL 47 ff o 210~270 MW I, SRATVABIERAHEEIER SR WE 6 s,
R I 7 ML 2H SR A 4 i) R B O 0 HRODL 4H HE 6 AT I, AEFTTE TR, RAEEBEM
0.48~0.52t/h 1 0.80~0.83 t/h, KR IERHLALIE  E R BRI L BEREFZMK 0.49~0.86 kg/GJ,
REFELLCR FH BRI BE(R T 0.29~0.33 tho KR HHE M —Ert, #bmih, REE3IZEMH L RH
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Tab.5 Heating coal consumption rates and extraction
pressures by considering butterfly valve throttling

N¢=248 MW Ng=210 MW N¢=170 MW
’8\% pr/ br/ p/ b/ pr/ b/
MPa (kg GJ?) MPa (kg GJY) MPa (kg GJ?)
50 0.66 25.86 0.56 24.73 0.46 23.63
100 0.70 24.90 0.59 24.01 0.49 22.96
150 0.75 24.58 0.63 23.74
200 0.79 24.44 0.68 23.58

250 0.83 24.37

< 6 TR TR SRR RS E D
Tab.6 Heating coal consumption rates and extraction
pressures without butterfly valve throttling

N¢=248 MW Ng=210 MW N¢=170 MW
|\(/?|\h/</ pn/ bn/ pn/ bn/ pr/ bn/
MPa (kgGJY)  MPa (kgGJl)  MPa (kgGJ?)
50 0.57 21.21 0.48 20.51 0.39 19.59
100 0.51 19.36 0.42 18.59 0.32 17.43
150 0.44 18.22 0.35 17.26
200 0.37 17.13 0.27 15.81

250 0.28 15.80
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| —8— i1 171 fif248 MW
8 —e— B {7 {1210 MW
—a— HL i 170 MW
£ o
o
1]
st
ne
50 100 150 200 250
A MW
& 7 BIFRS RIFREAEREREESHROEER

Fig.7 Relationship between heating coal consumption rate
difference (with butterfly valve vs. without butterfly valve)
and heat load
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Tab.7 Exergy dissipation of butterfly valve throttling
of the heat supply unit

QMW Ng=248 MW  Ng210 MW Ng=170 MW
50 2.89 2,51 2.27
100 5.20 4.72 4.32
150 7.15 6.51
200 8.74 7.89
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1) RS R WL A Z LAY
R¥EN 5.39 kPa, THHEEHRKIEFETI L.

2) HFEEHR AR T, BHAEAEEE IHIAE,
FEIA/KEA 30000 th, 7KIEAN 20 Co tHEE E L.

U Ab 2 L L2 R 5 # RGP ML [R] 34 R G 2
A, #oms (EERED. ERREE. §
IR KA mSEH (REFHERE 1) BT
AR AR [F] ) AlEENLAH -
241 7 WIRN B A BB AT

B R A R AE B ML S S LA
¥4 5.39kPa, MHEfifi Ay 248, 210, 170 MW K,
PERALH ) S IEFER Bypn FEERIEFESR by BEH AR
AR N 8 fryR. M 8 nI A, Mg — e,
PBERIERER by BEE PO IS IO T 9N o
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Tab.8 Changes of coal consumption with heat load (constant
back pressure 5.39 kPa)

Ng=248 MW Ng=210 MW Ng=170 MW
|\?|\h/</ Bip/ bna/ Bip/ bna/ Bpt/ bna/
(th? (kg GIY (th?) (kg GI? (th?) (kgGI?

0 75.64 64.89 53.69

50 79.95 25.86 69.06  24.73 57.71  23.63
100  84.26 24.90 7326 2401 6172 2296
150  88.57 24.58 7743 2374

200 9289 24.44 81.59 23.58

250 97.22 24.37
300 100.52  23.36

NPRFET AR, BB LB A A
KR Mwa S 2 HEHLAL B KIATR mue B2
KA, AR LA IR K ARG Wha AHEE
T2 LB K IRFET) Woe R BEZ I8/, JEH
KR ZME Ame=mac M K& K ¥ Ih 2 8
AWp=Wipe “Wpa B A AL W1 9 iR H13& 9 AT
LA 2, BEAE S0, Amyw BETHE D0, [F AW,
BTG, BOY T 4ERF IR e, IR LA

/DRI K, T KEREDIEE D, B
fifi; 248 MW, #fifi 300 MW B, Amy, AT AW, 5%
KABL4Y 79 14 681.50 t/h F1 941.34 KW,

9 BIFKREEE Amw RIKRFEINEE AW, B G177
T (EHE 5.39 kPa)
Tab.9 Changes of circulating water flow difference
Amw and power consumption difference of water pump AW,
with heat load (constant back pressure 5.39 kPa)

o Ng=248 MW Ng=210 MW Ng=170 MW

hi

MW Amy/ AW/ Amy/ AW/ Amal AW/
(th kW (th? kw (thd  kw

50 29155 186.94
100 52885  339.09
150 75725 48553
200 97625  625.95
250 118465  759.57
300 146815 941.34

2867.5 183.86
5136.5 329.34
73215 469.44
94235 604.21

27685 17751
49545 317.67
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Fig.8 Relationship between back pressure and heat load of
the units with the same cooling capacity
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HL A7 248, 210, 170 MW I}, /R[] 44
I A LB P LA IR A RHE. Bupo AL HIHFERR b B
AT IR 10 FioRk. B3 10 /] L, s A —
SET, AR 2R i 2 A A7 A (P3G N ekl o 2 T
JE I BERERE SR T8 R I I e RE 22,
& 758 (Aby=bny—br2) Bl # G AR 9 TR,
Uk ZE (B B A PG AT (3 DI/, il o i 674 1) 38
s n. BHE 9 nI i, HE RN 248 MW, #i
fifr A 100 MW B, 52 5 528 R ke
ZE{EH N 1.01 kg/GJ, A UL AR 51 S 103 AR AL
SBRRHLALRERE, RIF=4: “ 6 fLakfthnge

10 HMEREMAATEL (TEE)

Tab.10 Changes of coal consumption with heat load
(variable back pressure)

) Ng=248 MW Ng=210 MW Ng=170 MW
Qn
MW B2/ b2/ Bipo/ b2/ Brp2/ bna/
(th?1) (kg Gy (th?1) (kg GJ?Y) (th?h) (kg Gy
0 75.3 64.25 52.83
50 79.75 24.69 68.54 23.81 56.99 23.1
100 839  23.89 7263 2326 60.94 2253
150 88.08 23.66 76.72 23.09
200 9229 2359 80.83  23.02
250 9654 236
300 99.85 22.73
121
1o}
3 ost
=11}
f’
= 0.6t
| A
e T~
w 0.4+
P —o— i 1248 MW
. —o— i 11 {210 MW
0.2 —a— L FL 170 MW
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AL THMW
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Fig.9 Relationship between heating coal consumption rate
difference Abnand heat load
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Tab.11 Total coal consumptions and heating coal consumption
rates considering additional energy consumption

Ni=248 MW Ne=210 MW Ng=170 MW
ﬁ% Bu/ b/ Bu/ b/ B/ b/

th?) (kgGIY)  (th?) (kgGIY)  (thY) (kgGJ?
50 7955 2448 68.37  23.63 5683  22.95
100 8370 2376 7245 2316 6078 2245
150 87.86 2355 7654 2301
200 9206 2348 80.64  22.95
250 9628 2348

i B
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Fig.10 Influence of additional energy consumption of
different equipment on total coal consumption
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Fig.11 Influence of additional energy consumption of
different equipment on heating coal consumption rate
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FEFFAK 0.29~0.33 t/h; AHLARILE ] 15 A0 {5 BEFESE
0.73~7.77 th, AR, A R 5 S BEFE
WAL % s BHR AR RIS AT AH T T2 1 e Af e A
FEFZMIK 0.20~0.78 t/h, # A faf K, ARG s
REFEFRMRIRZ . 7EALAEERE T, #NEIFKIER
FAVR SR 3 b SR A HR O 2 {8 (it 4 B FE BRIK 0.37~
1.74kgl/Gd, AT/, FEAGERZ ; AL iRy
(L ARBEFER N 4.04~8.57 kg/GJ, gk, 14
IR Z s BEAADE RIBATAH I T 2 i A At H R
FEFAMK 0.42~1.17 kg/GJ, I Afithizlh, PRIGEZ .

34

AR S I g ST AR LB ML ZE PR AR T 43 A AR
B, o3 T B HLAEAN R B G 2 A T IR
DNRERERFIE, FEIRAT H A= HLZE 1) (L BB I R
oA, EBERIT.

1) I 5] N ZREIERERE R 0T HALH, &4k
T 7 #R R R 7K A [5] 3R) 3 7 X 7= A= 1 B e
Feo MERTHEICI ., IAAATTE RN, SRAVREDZEAN
FHL 2 22 1 A AL ZE E 8 DR 78 8 7K 3R 7 A TR R o
¥E93 715 0.48~0.52 t/h A1 0.80~0.83 t/h. X LU 5,
K H VR B 22 AH B HE 30 ZR n] AL 2H (it B FE 6 PRI
0.40~0.86 kg/GJ, H.# A fm7— i HL 7 fay /)N . HL A7
— E RSN, SRR BN S K Bl R Rt
PIEFEZR Z(H K

2) X AR RIS A TR R TT AT o TE AL i
I, BEAG RSN, BEHIRE IEET RS, TG
R R AEATE SR . A L ARIE A EU T T AL A g e
AL BEREIE N 4.04~8.57 kg/GJ,  H B gk Kot
ZEHR K. FAh, THEAS AR I A FERCH
2.27~9.99 MW,

3) XEHAEBN TR EFREFEE L
FEEAT T 00T MBHAZR I HIRE JIARIE, #hH
B HLA RS BT S AE K, B
I, SR, R 43 Ak E 300 MW,
B EIAYEMEE TS LA RRL
1.51 kPa. & 15 i AL R REFE 570 1 e I pE Fvie
FEAHZN 0.42~1.17 kg/GJ,  H. I 2218 it 2 F G 47
RO, B LA AT 3G T 3

4) 1F BN I I BEFERI 7340 . TENLALREFETT
T, FAE IR KR R P PR UK 3l R rR B3 7 20
SAEFEFAG 0.29~0.33 t/h; ARG R 4 A
B0 0.73~7.77 th; BHAAS BT RSITAHL T L
JEAS M AEFEFEMK 0.20~0.78 thh, ZEALHAEFE T 1T, A4
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P9 17 B4 7K 2R SR FE VR 9K Bl LGSR el R sl =04 1 44
REFEFRAK 0.37~1.74 kg/GJ; fHARE 1 %5 370 7= AE AL 4
B INREFE 4.04~8.57 kg/GJ; BEAALH KI5
“An 7 R INAEFRE 0.42~1.17 kg/GJ.
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