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Factory Energy Management System (FEMS)

= Target : Energy efficiency improvement of FEMS A|AEIO| AME
industrial process Factory Energy_Managemgm System

= Big data : Standardized data handling
process of factory operation data
- Data categorization
- Data collection/recording
- Preprocess of field data

FEMS At OLIX

OMHIE T2 A A

= Evaluation : Estimation of energy flow,
and evaluate energy consumption

= Prescription : Energy savings both into
process scale or factory scale
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Figure Structure of FEMS



1 Introduction to Factory Energy Management System (FEMS)

+* Energy balance analysis

= The most important process in FEMS
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Optimization Process of Process Energy

- Provide basic information of factory energy analysis

= Why do we need it ?

- Determine energy flow in industrial processes based on

the 1t thermodynamic law

- Provide trusted energy information to the operators

Utility operation optimization

\ 4

-

Optimized factory process

oP

Pyp =

=

Energy balance analysis

Eg;, = in

Fault detection and diagnosis

Pact = ¢fit (EgL)

Visualization

* Energy balance
* Cost evaluation

=

-

Utility efficiency analysis

Euse
EBL
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Unit energy cost evaluation

E
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1 Introduction to Factory Energy Management System (FEMS)
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Data Categorization for FEMS

= Measuring all the possible process data gives the best accuracy but is costly.

= Minimize measurements by determination of key index parameters for process analysis
cf) Periodic ‘audit analytics’ operated by the factory

= Solution : Categorization of data level, reduction of redundancy, virtual sensing from neighboring processes, etc.

Categ

rization of data level
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Portland Cement Pyroprocess

* Mining & Crushing — Mixing & Grinding — Calcination (Preheater — Kiln — Cooler) — Completion - Calendar
Most of energy consumed during Calcination

Wy,

h-

I”é’QC — Primary material, limestone, is extracted and then transported to a crusher
yJ

llsbil)

'9‘9‘1: —— The process of powdering raw materials into small particles and
’77,9, storing it in silos after mixing limestone, shale, quartzite and irony
a”dg ?’729/ materials proportionally.

A core process in cement production is burning raw material.
- Heating up to 900°C in the preheater

\ - Putting it into the kiln to heat it up to 1,450°C
_ ii - Raw material is turned into clinker after being fused.
AN i - Clinker is cooled down to 100°C and stored in the silo.

Portland cement production
- The clinker is mixed together with gypsum and other materials
- Grinded in the cement mill to become the Portland cement.

Figure Cement production process ()

(1) https://www.hallacement.co.kr/en/product/process
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Portland Cement Pyroprocess

* Mining & Crushing — Mixing & Grinding — Calcination (Preheater — Kiln — Cooler) — Completion — Calendar

Most of energy consumed during Calcination

.o .o . L3 IDf
* Process identification o
. . Qid
- Check the entire process from HMI screen analysis Feed —p
eed
- Checking the material flow : Air, clinker
Pl Qe Tertiary air Bypass
315.7 °C Fuel —=Zp! P/H C{ ! Q,,
t Calci Qpair’P e QpairK . .
______ - p?’lrf':gfyrair Q. Primary air
Raw material Pre-heater I Kiln dr Fuel
364 th, 83 °C I 5. Secondary air
| » Clinker
| L— Clinker Qatcin
Fuel(SSW, LAF, Coal) , Qq
24.6 th
! Tertiary air
, ‘ I By Bass Fuel(LAF, Coal) tairC
Primary ar I 369.5 °C 8.4 th Exhaust air
42°C I t { Quic | Qehc . .
Lo--L. -———— = ===  Exhaustair Circulating air Secondary ai Qc(ir:CerUIatlng arr
Kiln 251 °C 951 °C Air leakage
--=-=-3 : QIeakC
I
A (.
| A Quaiic
Cool QC i
__________________ ooler I Clinker—<i Cooler Wall losses
! Clinker, 216
= th74°C =P Clinker
: QfairC QfanC clCout
L = - Fan

1 False air

Figure Thermal flow diagram during calcination
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+* Construction of Energy Balance Monitoring with FEMS

= Oth stage : Check data models
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+* Construction of Energy Balance Monitoring with FEMS

= Oth stage : Check data models
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+* Construction of Energy Balance Monitoring with FEMS

= 1t stage : Energy balance diagram

v" Heat balance diagram

«  Material balance : ¥ massgjrin = X MaSSgirout: 2 MASSfeeq,in = X MASSciinker,out:

* Heat balance : }; heat;,, = ), heat,y,; Y MaSSryerin = X MASSFyelout
ID fan
Feed =—p oz
feed
N 27|
i —— gYr 248 ¢
Quairc Tertiary air
Fuel M’ P/H vaag::;
Q irP by Q . .
Ca_lciner . e pairk Primary air QexhC EXhaUSt air
primary air Q . . .
i irc Circulating air
Kiln +——— Fuel Qi g
Qq.iic Secondary air Qeakc Air leakage
ITV Clinker Quuic
cl
Q.cin  Clinker q Cooler Wall losses
O~cICout
> Clinker
Qfeed + quelP + quelK + QpairP + Qpairl( + QfanC + QfairC QfairC c)~fanC
= ch + Qfeedvap + Qby + Qid + chCout + QexhC + QleakC + QwallC + QcirC False air Fan
< 2E3E TN € S EE & G Feh A >
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+* Construction of Energy Balance Monitoring with FEMS

= 2nd stage : Construction of balance equations

v Input
QRK,in = Qfeed + quelP + QpairP + QtairC + quell( + QpairK + QsairC
ROta ry k||.n Feed; Qreed = Qfeea1 T Qfeedz <— combustion heat ; Qeeqr = Mpeeq LHVfeed* tiyeea : T1E BRI 2 *¢rooq 1 0.84K/kg'C (.8
t . . feed g (P )
sensible heat; Qreeaz = Qfeedza + Az = ; Qfecaza = MfeeaCreed (Treea —T)
o = .
ID fan Qreeazp HZE T % Qrecazp = Mrecaw Treea — T)
T Fuel (P/H); Qfyetpr = Qruerr1 + quelm?combustion heat; Qryeip1 = Mypyerp LHpyerp *O 27| SFoM 2T S HIISHA| ?.4% it
Q. sensible heat ; Qryeipz = Myryeip Cruetr Truer — T) *Mypeeaw = %
Ceod id * Cryerp  1.05 kI/kg'C (p.7, A1 Eh o
ee reod Primary air (P/H); Qpairp = MpairpCpairp Tpaire —T)
ee Tertiary air ; Qcairc = MeaircCrairc Teairc — T)
Fuel (Kiln); quelK = quelKl + queleicombUStiOn heat; quelKl = mfuelKLHVfuelK
sensible heat ; Qryeixz = Mrueik Cruetk (Trueik — T¥ crueix : 1.05 kI/kg’C (p.7, A EH
Bypass Primary air (Kiln); Qpairg = mpairKCpairK(TpairK -1
que[P Tertiary air Secondary air ; Qsqirc = MsaircCsairc Tsairc —T)
by
Q... Qairc Q v" Output
. pairP, pairk . . —
Calciner > Prlmary alr QRK,out - ch + Qfeedvap + Qby + chcin + Qid
primary air Qryeix Fuel (c3>lin k‘i (iUB ; le(Cin = MecinCecin(Teicin = T) fecaw = oy 8% 3 TE
Kiln .Q . HE T TE2ASTEY; Qreeavap = Mreeaw * T *r=2499-237; 97| LE0IN 22 LA T:2/7| 2E¢Q)
€=2Z. Secondaryair  Bypass (CL 2v5%); Qyy = 1ty Cry (Tyy — T)* oy kin 21271201 HIA ()  rameo
. ; AMON .0 — Fipeea: T QRO 2
—) Clinker Clinker (2= <: 2);04 =0+ Qf12L+ Q_cl3 t Qfl4 + Qcs + Qeis *ey HE BB B 1,105 ki/kg'C, 2R HIEHOl B
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Q 2.CaCO,, MgCO,, Ka 2810l 23t &F; Qciz = 2989 * Ca0 + 2461 * MgO + 223 + AL,O, * 22§12 AR0| AL-S A0l
cl 3.900°C ->1450°C 7t Q0| Z a3t &, Qu3 = 1.109 * 1450 — 0.980 900 = 726 kJ 52 &1 pA
4. YA LG, Qcra = 418.6 kJ
5.900°C Of[ A =3l &l O| MB}EtA, +=F 7|9 HE; Qg5 = 783 * Ca0 + 1097 * Mg0 + 666 * Al,0,
6.1450°C 2872 ¥ g; Qe = 1.109 * 1450 = 1608 kJ
ID fan (B171); Qig = Qiar + Qiaz + Qias + Qid4224 N
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+* Construction of Energy Balance Monitoring with FEMS

= 3rd stage : Energy balance performance sheet - Preliminary analysis with instant operation data

| ¥ ] [ ET= ]
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— RN EE 1 I = |
Pyro-process BALANCE AND PERFORMANCE SHEET
F e it Tl ol
L = = v v
= - = iy = iy A
i
e E—— Z [
FE # [+
[ [
Fud |3 | HEF
L s it 1]
= T
2 i ol
] LI Rl 3
. ] T T I I ]
= Tial] a A T ]
- [ 2 i ol
P B Toady 1. L 4
Fm D v’ ]
Fmi ad HY 1. ]
Fam B r-;l E T
P atad] 15
Comlie P L] frars] |
P I el 5 v
P B SNE] i Pt an [ B i et e ]
P B [ S C imshaing qais AL
P B nlaty 1.5 Tmia
= | TS &
Fl 1 \q
“_:'“n_-_ I T | T i '}'rl.irn i lm.i'n audEut  Gmengy ilEnce
F T T . ELT
i
fmad
=T 5D o
L] Total ‘Wal Lzaa
= T =
[Tl
an il |
ual | H)
o Tl - i —
[P T e [ ol T — m‘l
i ot o WO ) E el s um (Eim]
e 0 ST Cal g ey & 4 -
e 01 g L
[T v
2] ]
ALy i
Al i
= [ o [ e b+ o
EFLNE E e ,.f';
e
TIN T T RS I Oinker (4T -"'.-'.*
| |
T I i |
1 1 (=2 qh-l
[oi Wl-Eald Ba~ge T 7]
TR TR 1 g |
TEEE T p-u_.._. I g |




Energy Conversion System Lab.

2 Case Studies for Cement Calcination Process

Chung-Ang University, Republic of Korea —

T ( ~

i
i

—

+* Construction of Energy Balance Monitoring with FEMS

= 4th stage : Receiving field data

v/ RTDB 7[8lQ| AF mdl 7|2 9|5t HIO|E] SLINA 1=
- BLIHZZ 2Pt Edge Gateway X
> AAEE Z2 11 2B E S5l FEMS RTDB A{H{0]| %
> O X[ HA DEof| Y72 ME-E TaglD Raw data A2 &
«  FEMSRTDB H|O|HZ 0| 83}0f O K| HHA = v2.0 7HE

st& HIE| Infra

FEMS #F SMZ
*NTP
Edge Gateway DAS loT Platform EIS Server OPC Server Office User

o 4 il ]

e "l l ] [ [

== el -3 -8 -3
— .
Int. IP Address Int. IP Address Int. IP Address
Int. GW Address | Ext. IP Address Ext. IP Address

§°H:H Edge Gateway ‘ l |
nt. 1P Address EEXETEEEEEEEE FEMSY
(=]

Int. IP Address

VPN / 2ot
olE{sl pol

VPN / 22ty ol &
—H ___________________ :
Iy ey
|
I

Ext. IP Address

____________________________

Private-LTE

< FEMS RTDB Server configuration (ex) >
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+* Construction of Energy Balance Monitoring with FEMS

= 5th stage : Real-time analysis programming
- Preprocessing : Big data handling and background calculation — Python, C++
- Preliminary web-service coding — C#, LabVIEW

= 6th stage : Final dispatch
- Communication with field operators
- Commercial web-service design —v1.0

—
TagIlD Time

|_‘_l

TSDB

l t=t+5

Python preprocessing

|

LabVIEW

|
2

Energy balance

Figure Online data flow chart

Figure Python for preprocessing

Syritier DNIPLIT PR

Illl‘.‘l

[t

.....

Figure Preliminary/Final Web service
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*** Free lime estimation for cement pyro-processing by Physics Informed Machine Learning (PIML)

" Energy flowS St 28878 E0UX[2t 2 A Table Component Heat and F-Cao Comparison
%IEIJ—l-Ol A}.'Tllll-ég E_ —-|| F-Ca0 (%) Q P/H Coal Q P/H_LAF Q P/H_SSW Q P/H Ter Q kiln LAF Q_kiln_See Q_kiln_total Q_P/H_total Q_cool_total
(k)fkgek) (kJ/kgek) (k)/kack) (kJ/kgek) (k)/kgek) (kJ/kgek) (k)/kgek) (kI/kgek) (k)/kack)
. 7|2'|_S Soft Sensoro'”A-Ip—l In nput APE 7-| °|'7:"§ AEI%xl =15~ 1254.65 458.20 408.98 39.40 1.90 0.10 916.65 216123 100.57
E‘”OlE-I 9<I |-Q||', % |7£'|| E—7—|% 7|H,_|'9§ _7E|7£'|| Input X‘"Al I-1.5 1210.76 447.98 399.86 35.53 1.90 0.10 998.35 2094.13 102.07
. EE.PH 7|Hf InputE %J‘ §|:|‘|'| EE” <1 1195.06 430.52 384.27 32.66 1.88 0.10 1060.18 204251 103.82
> (Current PIML) MSE = 0.03, TIC = 0.06, R = 0.76 20 T
- (Xi et al.)[] MSE = 0.21, TIC = 0.15, R = 0.69 = SVR Predted
1.8 1
< “"Sd;‘\‘::;ig“ > 47/ Select modil input data /

l Data processed by mean filter-30 method 1 6 1 f
—% Raw data collection / ¢

Time series matching
Adjust Raw data

v

*P< Select model |

F-CaO
~
fani

Model train

, 1.2

| F-CaO prediction |

1.01
No

Yes

Calculate Pyro-process energy balance
Calculate Cooler energy balance

C Designed F-CaO model >7 ( Validation & Feedback > 6 1l0 2l0 3l0 410 510 610 7‘0
Sample number

Figure Process Flow Diagram for Free lime Prediction Figure Comparison of Actual and SVR Predicted F-CaO Values

[1] Liu, X., Jin, J., Wu, W., & Herz, F. (2020). A novel support vector machine ensemble model for estimation of free lime content in cement clinkers. ISA Transactions, 99, 479—-487.
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Papermaking Process

= Headbox — Wire — Press — Dryer (Pre-dryer — Sizer — After-dryer) - Calendar

= Dryer consumes 8 bar steam to dry wet paper of 50% water mass fraction down to 4%.

= Dryer sections consume more than 80% of the total papermaking process.

Supplying pulp sludge to papermaking process

Wire section

Headbox a

Laid paper with water dripping
Line press of wet paper (170 kN/m)

3.2%

Startup of drying paper
Calendar

After-dryer u 4

Sizer a
Pre-dryer a

* Drying > 80%

B White water heating
Warm water heating

[ Press section steambox
Starch cooking
[ Others

Cutting the paper rolls

Post drying after sizer

Addition of thermal solution Figure Energy portion in papermaking process ()

Figure Papermaking process of

thermal paper for receipt (1) (1) http://www.hankukpaper.com/ko/product/process.do

(2) https://www.valmet.com/media/articles/up-and-running/performance/XTControl/
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Process Analysis

= Papermachine condition
- Machine speed 1.2 km/min, Dryer temperature > 80°C, RH > 60%
- Drying chamber is controlled by negative pressure
- Zero level control : Balancing line between supply and infiltration(leakage) air and exhaust air (2 m above)
Factory building air changes by climate condition
= Maintenance of zero level to prevent paper from dry broke
- When the temperature drops to dew point, droplets will fall to the paper machine.
- Paper movement is interrupted by unbalanced airflow.

exhaust air 100%

pressure level in the hood ‘ . fuy  Zero line too high: ‘ r—
! + ([ @il « High infiltration air ‘;-: —
supply - ‘ « Energy wasted to heat this air - i
air - = 1 F + Excess exhaust air or ~ wEXhaust air
65% « Insufficient supply air = i

« Low exhaust humidity
« Low hood air balance
- Risk of condensation/dripping Zero level

Zero line too low:

‘ s « Hood spill condition
¢ 4 ‘ « Energy wasted to heat this air
« Excess supply air or

« Insufficient exhaust air =

zero pressure line

leakage air
35% "

Supply and leakage air

« Hood air balance too high

r * Humidity too high

« Risk of condensation/dripping

Figure Pressure distribution at dryer Figure Zero level and air circulaton
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=

Process Analysis

= Process identification

- Sketching the entire process from HMI (Human-Machine Interface) screen analysis
- Checking the material flow : Paper, steam, air

= Process diagram to show the flow of each material.

Figure HMI screen of dryer hood air flow

| Bel-run exhaust #2 |

| Bel-run exhaust #1 |
| Bel-run circulation#2 |
.
aper | Bel-run circulation#1 |
Steam
Water Hood Exhaust Fan#3 | | Hood Exhaust Fan#2 | Hood Exhaust Fan#1 |
Air F
/sec
_ Sec / Sec Sec Sec Sec
|
ﬂ O \#9 ) \#7 #5 #3 0 #
I o T j/ N 0o S Y. N R ]
U [ Sec Q Sec Sec Sec
\#a #6 #4 #2
| Boiler
v N N 2
| Hood Supply Fan#3 | | Hood Supply Fan#2 | | Hood Supply Fan#1 |
j
+ Header HX
Drain TK
R Va?””WFK cogeneration
ecelver plant

Figure Process diagram at dryer



3 Case Studies for Papermaking Process

+* Construction of Energy Balance Monitoring with FEMS

= 1t stage : Energy balance diagram
- Confirmation of energy flow at each part
- Estimation by material balance : paper, steam, and air

Energy Conversion System Lab. ‘F fsf

Chung-Ang University, Republic of Korea —

‘_,4_

Air balance 1 i 1
L789°C 173 L654°C
284 kgDA/h 33.6 kgDA/h 37.9 kgDA/h
Boiler Hood Hood Hood
Water balance exhaust exhaust exhaust
251TPH
Paperibalance
1 Dryer
100 °C + -+ 100 °C
[ 48~61°C
1| Header | . R N
200 HX 48°C T : 1 HX [
- - 100 °C 887 °C 87.9°C 882°C_ | ;
VaC Rec . 328 TPH 14.7 kgDA/h 20.4 kgDA/h 18.6 kgDA/h 61°C -
- Drain TKH S > C
TK 816°C 1 61-816°C
1 Hood 1 Hood Hood
T — supply [— ' supply — supply  —
65.4~723°C #3 #2 #1
(hood exhaust value) T * T

Hot water
TK _+226°c
»To Boiler
752 °C
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+* Construction of Energy Balance Monitoring with FEMS

= 2nd stage : Construction of balance equations
- Conservation equations : mass conservation, energy conservation
- Equations for paper, steam, and air

v Paper energy balance

. Material balance : myaperindry = Mpaper,outdry

¢ Heat balance : AQpaper = (AQpaper,dry,out"' AQpaper,wet,out) - (AQpaper,dry,in"' AQpaper,wet,in)
v' Steam energy balance

. Material balance : mgieam in = Msteam out

‘ Heat balance : AQsteam = rhsteam,inhsteam,in - rilsteam,outhsteam,out

* COO“ng water balance equation : AQw.cool= 1'hw.cool(hw.cool,in - hw.cool,out)

. Cooling water flow equation

. AP . . -
L My coo] - GPM = C, /? (C, : HE S A ==(Dimensionless), S: 2| H|E(=1), AP : HE M Xt
v Air energy balance
° Materlal balance . ri'lhood,DA,exhaustl + rhhood,DA,exhaustZ = r.nhood,DA,supplyl + rhhood,DA,supplyZ + ri'linfiltrationlz,DA

rhhood,DA,exhaust3 = rhhood,DA,supplyB + r'ninfil'cra1tion3,DA
¢ Heat balance : AQair= ri1air exhausthair exhaust — r.nhood supplyhhood supply + rhinfilterationhPM indoor

¢ Moisture balance : Arhpaper = rhDA exhaustHRexhaust - rhDA hood supplyHRhood supply + rhDA infilterationHRPM indoor
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+* Construction of Energy Balance Monitoring with FEMS
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~/
e —

= 3rd stage : Energy balance performance sheet - Preliminary analysis with instant operation data

= 4th stage : Receiving field data
- Improvement of existing measurement infra : redundancy, virtual sensing

- Improvement of energy balance in performance sheet
- Checking/improvement of RTDB, network connection, firewall handling

Crydr v el o o ddvay

[ |
= ] ! | e
|
HEAT BALANCE AND P ERFORM ANCE SHEET
Sy e Bpur
2 L igh T i LT P kg kgh ok
» a & F = I & ] 3
- - = - -
= 1 | Spar | -
Dy I ] | Ty ; T mEe v T
da i baaas i
ET [ [=mnn_" |zar rar e, aciac T £ Crin T mlnar 1
1. o i E = s i | _'_Jﬁ
¥ o Wl = oo T A e s Al TI (2 Cvaine T - L
e o WS W == k f i B Ve L A — )
- e = R e | IEEEIT
.\_1. 'qu.iq o o h o i = _= i T |
= 3 b T - I 1
S i omse (Tog T | S———
—— : Lectr Jfroe ]
e = i
o g g iglish k] i e | ghges | kg L] e
[ . A & [0 [ m ] -
= =
Froy T 00 g gl 1 ¥ 4 W LT e g PO il ¥
O T g i LT Pl o oo
] | D P 1A
A T A O i W L D oo im0
Er———] A | b e o e et
s ToalaT o s e 1
Tk I | B circabmion, (a6
i - = A= s,
o Dawes u WL 1 it
L0 |

Figure Energy balance performance sheet

efficiency

p
pressure

System operating point

Volume (m3/h)

volume flow

Fig. Fan performance curve
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** Waste Heat Analysis and Solutions
= Waste steam : 15% main steam -
] Hood exhaust air
= Waste hood exhaust air heat ) oGWP (Waste heat)
Air balance 1 1
Mai n steam T 384 GDAvh 152 5omh T35 aDavh
(170°C, 8bar) Boiler Hood Hood Hood
Water balance exhaust exhaust exhaust
17rc #3 #2 #1
23 P balance ==
S aper
= Dryer
—
=~ 100°C +  +100°C A
R Header A . X .| Hot water
2c| | HX 8¢ : " HX [T TK  [Taas<c
]
Waste steam v y 100 °C 887 °C Le79c 882 °C
(930(:’ 0.8 bar) VaC ReC . 32 8 TPH 14.7 kgDA/h 204 kgDA/h 18.6 kgDA/ 61°C
. ‘5 Drain TKH4 TN »To Boiler
TK \| 816°C \| 61~816°C 750 °C
Hood Hood Hood
v M supply supply supply
ATM
654~723°C #3 #2 #1
(hood exhaust value) T 1 T
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+* Waste Heat Analysis and Solutions

(1) MVR (Mechanical Vapor Recompression) MVR

= Solution for waste steam g
- Before : Hot water generation

- After : Re-use low pressure waste steam

Separator

= Estimation of steam utilization Fromdryer |-

- 25 ton/h input (8 bar steam from CHP plant)
- 21.4 ton/h process utilization
- 3.6 ton/h waste steam

— Evaporator

r
[Steam Supply]

T=177°C, TI83 kcg DA/h 158 k%DAr T$e kcg DA/h
P=846.125 kPa, T Boiler Hood Hood Hood Steam Flow Rate From Boiler :
h2=2781.6 kJ/ kg * extraust exivaust exhraust ;
- / ¢ #3 #2 #1 25 ton/h

[Steam to Condenser]
P=118.965 kPa,
Saturated vapor

MVR(Mechanical Vapor Recompression)

48~61°C

4k

Hot water
&h‘l =2682.7 kJ/kg ) 20°C HX TK a6
~N ) 2 87 k:gDA_.a'h T 363 kapam T3E% kCg:-A.f' 61

[Drain Tank outlet(to boiler) Tk [|Prain Tk L Py 61-816°C fo Boller
T=93°C, < | Hood Hood d
Saturated liquid ) ! Wl supply supply supply Steam Flow Rate to Condenser:
h3=389.67 kJ/kg J ':hcoEdS:H.H;is-:‘t \FH|UE_I 3599 kg/h

]
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(1) MVR (Mechanical Vapor Recompression)

= Economic analysis
- City natural gas price for industry : 23.04 KRW/MJ
- Electricity price for industry : Base charge 5,500 kRW/kW (200 kW contract), Surcharge 81.9 KRW/kWh
- Compressor Operating Cost (Assuming compressor efficiency 75 %) :

’lEee AR

¥#5,500/kW X 200kW + (h2 — h1)/0.75 X tigseqm X
= 96,000,000 /yr

Pyt
8760hx 8L1ﬁ8083/DkWh>< LkWh
wol. 3600k]

- Steam Production Cost (Assuming 80 % efficiency LNG) :

8760h 1M]
X ¥4/23.0444/M] X

(h2 — h3) x m X
steam peigso gz 1000k)

= W2,200,000,000/yr

/0.8

- Cost Saving = Steam Production Cost — Compressor Operating Cost = #2,100,000,000/yr

= Energy savings
- Annual cost saving : 2.1 billion KRW (1.6 Mil. USD)
- Reducing steam utilization by 13.76%

25
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+* Waste Heat Analysis and Solutions

(2) SGHP(Steam Generation Heat Pump)
= Solution for hood exhaust air

Steam Outlet Air balance
L7s9°C L723°C Lesac
| 284 kgDA/h 335 kgDA/h 379 kgDA/h
0L ,CD @ Blopne sy Boiler Hood Hood Hood
Water balance exhaust exhaust exhaust
11%; """""" #3 #2 #1
Condensor C dibalance T
Flowmeter D
ryer
Compressor
Water =+ 100°C 48~61°C
Hot water
N ’
20 “c+ 8¢ HX a6
THX 0% T35 Soam T 364 kg0Am REEY,
Steam Vac. Rec. . 28TPH ] 147kg PRk | 186kg 61°C )
; > t To Boiler
EEV Boiler TK Drain TK j j 816°C j 61~816 °C 752 °C
- l l Hood Hood Hood
. supply supply supply
b O Volume es.ﬁTgls *’c #3 #2 #1
Evaporator Flowmeter Pump A (hood exhaust value) T T T
) |
o o L]
= Selection of working fluid : R1224yd(2)
o
= Cycle modeling
Calculate:
properties of point 11,33,3,22, 24,1 Tes Calcula:e. i3 322,2 Y
Fixed parameters : . o " i MTD properiesj pomtas, 3, 25 ¢ &
" Variable parameters: Tnitial conditions : My _ evapset ; LMTDeong set
TL,xnv AHL,mr my, TH,m/ TH,UW _'LMTD K LMTD, ' T, T, I Guess: Tll Q . errevap | S 0000 G“eSS: T33 . QCOM errCOTld v e— S 0 0001 UAe'l}apf UAcomi
DSH, DSC gm0, eepset - eond et wh evap LMTDeyap rotal LMTDeondtotal
» DOU, Tisen 1 €91V LMTD LMTDcond,Local
evap Local
P LMTDmnd,Tuml
LMTDeuup,Total
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(2) SGHP(Steam Generation Heat Pump)

= Simulation condition = SGHP Cycle Modeling in MATLAB
| Mainsteam | - [on-design] Design operating cycle
) R - Set PPTD (Pinch point temperature difference) for
Reboller e evaporator and condenser to 5°C

]
£ Performance analysis based on the outlet temperature of
— Zq the secondary fluid (evaporator)
y | Determined cycle based on evaporation heat transfer rate
S @ Paper machine (Find mass flow rate of refrigerant)
R e |

é"

Air Heat source
(waste heat)
Cop 7
Figure Integrated Schematic of SGHP and MVR 3RO et »@ /TP titg; |
W %
. " . T,P/d @
Table Given condition of secondary fluids L&T, w, 1 &
Parameter Value = /e e
Heat source temperature, T, (°C) 82 T,w,m B
Copl P
Heat source absolute humidity, AH; (g/kgDA) 21.1 g 1
Heat source mass flow rate (kg s™!) 15.8
Enthalpy
Target steam temperature (°C) 120
Make-up water temperature (°C) 93 Figure P-h diagram under evaporator

Figure T-s diagram secondary fluid outlet temperature
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(2) SGHP(Steam Generation Heat Pump)
= Simulation results will vary by the condition for (1) steam supply, (2) cost savings, (3) GHG emission, etc.
0.9 1200 - 4 7.2 0.1
0.8 —— SGHP steam mass flow rate ‘ .?5) Maximum cost saving point E
----- SGHP compressor work /] 1000 _g 4 , §
{35 S /1 0.05 p
_ 0.7 — — SGHP COP SE: 71 | ,/1 g
2 0.6 800 © g i %
— = | N N - =.
% 0 5 E 3 .E : %::::""'""""""'"""'"""""""'""'-'-"""""":"';” .................. o 0 E u%
= U Z a = | Te~<i . - =3
: 600 £ S 25 b T / =
= 04 > — £ 5 Maximum steam production point °Q
2 S q25-= 3= 0.05 5 &
E 03 400 = © =
E < g =
G = = 6.9 - | —— Gas boiler only =
Z 02 1, 5 1 o1 -
200 g || Gas boiler + SGHP (H/E #1) =
0.1 Té = Cost saving w/ SGHP (H/E #1) g
0 0 | 1.5 é 6.8 1 1 1 1 1 1 1 _0.15 g
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Temperature difference of the secondary fluid at the evaporator inlet and outlet, AT qp gir [ °C | Temperature difference of the secondary fluid at the evaporator inlet and outlet, AT qp gir [ °C |

Figure Annual operating cost and cost saving as a function of
evaporator air-side temperature difference for SGHP application

Figure Steam flow rate(ri,.), Compressor work(W,my), COP under
evaporator secondary fluid outlet temperature
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Conclusion

v'  Factory Energy Management System (FEMS) was implemented to the cement calcination
process and the papermaking process.

Energy savings of industrial processes should be started from energy balance analysis.
Improvement was confirmed from industrial heat pumps and operation improvement.

Physics-based machine learning based on FEMS.

N N NN

Expansion of energy balance analysis with FEMS
- Cleanroom EMS (CEMS), Root industry

Comments

v" A number of industrial processes are waiting for HVAC engineers in the field.
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Prof. Minsung Kim
Energy Conversion System Lab.
Chung-Ang University

Email: minsungk@cau.ac.kr
Homepage: https://ecsl.cau.ac.kr
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