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Introduction and Scope of the 3T Method

. The 3T method aims to assess the efficiency of waste-to-energy plants in an integrated way.
* Quality of produced materials should also be taken into consideration.

. Waste-to-energy is the term that addresses the energy production by means of thermal
treatment of (primarily) municipal solid waste; also commercial and Industrial waste can be
considered.

« Incineration is the most representative technology (by far), but also gasification and pyrolysis are
gradually gaining ground and may be viable alternatives in the near future.
. Ultimately, the 3T methods aims to provide the framework for comparing waste-to-energy
technologies with other “energy from waste” technologies.

« “Energy from waste” which is a more general term that includes a broader ranger of technological
possibilities.
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The dual nature of waste-to-energy

INPUT
MSW
Directive 2008/98/EU
(of the European parliament and of the council of 19
WASTE-TO-ENERGY November 2008 on waste)
PLANT
] 1. Waste is used principally as a fuel for
RECOVERY I DISPOSAL energy generation and thus they belong
OPERATION l OPERATION to category 1 of the Recovery Operations
|
ELECTRICITY WASTE (ASHES) 2. The residues of the treatment are

|
: landfilled on land and thus they belong to
HEAT = WASTE (OTHER) category 10 of the Disposal Operations
FUELS |, (ANNEX II), i.e. D 10.
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Introduction of the R1 Energy Efficiency Formula

. The issue of “duality” has been of high importance. Each waste-to-energy facility
could be considered an energy production or a disposal facility according to the
assigned category (for licensing, taxation etc.).

« In order to address this issue, European Commission integrated the R1 formula
(that was developed by Dieter Reimann) in the second revision of the Waste
Framework Directive of 2008.

. The parameters for each waste-to-energy facility are inserted to the R1 formula and
the ones who have values over 0.65 (or 0.6 for older plants) achieve the R1 status.

. The R1 formula played an important role in assisting the waste-to-energy plants to
receive a legal status, especially during a period that the specifics of the waste-to-
energy sector where not fully understood by the lawmakers.

. R1 formula is not portrayed to be a pure energy efficiency formula but a
“utilization efficiency” formula.
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Thermodynamic inconsistencies of the R1 Formula

____— | 2.6 for electricity

R1 _ _Ep—(Ef+Ei) 1.1 for heat
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Even with the bonus for electricity production, T 10 0.57
most plants need to produce heat in order to 2 el 076 01z |l
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Moy | oy | Producten | Mayewr | OV | Mayesr | S | rees at0 | Hoo: = aas0
Source: CEWEP (Energy Report III, 2007 — 2010) OR1 max ] oss | ioe | am | aas [ aw | am | am | |
1 R1 weight. average [-] 0.56 0.64 0.76 0.63 0.70 0.77 0.58 0.62 0.97
0 R1 min [-] 0.22 0.21 0.23 0.21 0.22 0.36 0.21 0.22 0.50

* HOD = Hearing Degree Day
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The introduction of the climate correction factor
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COMMISSION DIRECTIVE (EU) 2015/1127
of 10 July 2015 amending Annex II to Directive
2008/98/EC of the European Parliament and of the

HDD < 2150 2150 — 3350 > 3350 Council on waste and repealing certain Directives
Type * S. Europe | C. Europe | N. & E. Europe
CHP 5(3) 152 (131) 13 (13)
Electricity 36 (9) 65 (26) 0
Heat 5(2) 35 (19) 5(5)
CCF 1.25 calc. 1
(or 1.12)

calc.= a) — (0,25/1 200) x HDD + 1,698 (old plants)

—_—

b) — (0,12/1 200) X HDD + 1,335 (new plants)

New R1 values

R1 x CCF

* Year 2014, Source: Report EUR 26720 EN




HDD: 2150
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Application of the climate correction factor

mmm Heating degree days —CCF

2640 Average HDD in EU

2700

2600
2500 l\
2400| | WA
2300 W U UV

2200

S & F

RORNG Q-o Ny ' . 1000| | — HOD
— Trend
The selected values are consistent for the case of EU 1690
« But the average HDD/ year are dropping! 1700
- Also southern countries are clustered together! FESLSEFTFFTSESES S
« This values are not applicable for USA!

Sources: EUROSTAT, 2018 & EEA, 2018
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The main drawbacks of the R1 Energy Efficiency Formula

. The R1 Formula is not thermodynamically consistent and the results that
are derived from the formula cannot be compared to other technologies
outside the waste-to-energy bubble.

« The R1 Formula does not properly assess the production of electricity &
heat and it doesn’t consider fuels/ chemicals.

« The climate correction factor (CCF) is only applicable to European countries
and the present climate trends indicate that a correction in the (correction)
factor will be necessary.
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The framework of the energy efficiency should be expanded

. The R1 formula is restricted to incineration plants and does not provide a solid
framework for the integration of novel technologies like pyrolysis and gasification
which produce gaseous, liquid and solid fuels with significant heating value.

. Waste-to-energy plants are not only energy production units but also metal

recovery facilities.
JFE Direct Smelting Gasifier

Waste

Mitsui Recycling 21 process

Electricity Generation

Coke and limestone
Product
gas

/  Third tuyere
Free bofa rd AL LS
(Gas reforming zone)

Second
l:uyepe o

Gasifying bed
B5iAg byl

Fnk%bed
Hig tﬁn_'lp. oxidation
and melting zone) Main tuyere

Slag and
metal

Molten slag basin

Source: M. Castaldi & N. Themelis (2010). The Case for Increasing the Global Capacity for

Waste to Energy (WTE). Waste and Biomass Valor 1:91-105.
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Question

Can we provide a more integrated method for assessing
the operation of waste-to-energy plants?
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Application of exergy as a quality indicator

c B B B _§B _§B _§ _§N N _§B B _§B §B N B N _§B_§B_ § §B N §B N _§_ &R § B N §B N N B § §B N _§B §B _§_§B §B § _§N _§B _§B__§_ J

' Measure of the maximum amount of work that can theoretically be obtained by bringing
la resource into equilibrium with its surroundings through a reversible process.

--------------------------------------------I

[B=h-ho-To (s-s0)]

« A linear combination of the
entropy and energy balances

« Reflects the ‘quality’ of
energy

-l

-

HI!Si

Total Exergy >
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The concept of exergy in waste-to-energy plants

Waste-to-energy can produce...

Energy (CHP production) Materials/ Fuels/ Chemicals
Electricity Heat Biofuels Metals
Physical Exergy Chemical Exergy
Electricity - 1:1 conversion of energy Depends on the lower heating value
to exergy and on the molecular structure of

the products: B, =B * LHV

Heat - conversion of energy to exergy _ -
is correlated to T and P, e.g. for a For biomass the B factor is:
perfect gas with constant Cp: g = 10414 .0177[4]-0.3328[2|(1+0.0537]%])

B,,= Cp [(T-To) — (To In (T/To))] + R To In (P/ Po) o

1—0.4041[%]
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Selected energy and exergy parameters for application

I. CHP efficiency

II. The physical exergy of CHP efficiency

= jnstead of R1 factors ( 2.6 & 1.1)
III. Chemical exergy efficiency of gaseous fuels, biooil etc.

IV. Chemical exergy efficiency of metals
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The 3T Method CHP [%]

Exergy of CHP [%] Chemical Exergy of metals [%]

40

°0 Chemical Exergy of products

g0  [%]

Integrated efficiency index - General solution for all thermal treatments
sin (g) / 2*[(Prod- Bcheg * Bpheg) + (Bphest ¥ CHPg) + (CHPog * Bcheg {m})+(Prod- Behgg * Beheg {m})]

Source: S. Vakalis, K. Moustakas and M. Loizidou (2018). Assessing the 3T method as a replacement to R1 formula for

measuring the Efficiency of waste-to-energy plants. Waste Management & Research 36, 810 — 817
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Specialized 3T Method

- - - o)
(incineration) CHPerr [%]
Exergy of CHP [%] Chemical Exergy of metals [%]
DO
40
60
Chemical/£xergy of products
80 [%]

Practically zero !!!

Integrated efficiency index - Specialized solution for combustion
[(Bphes + Beheg{m}) * CHP)] / 2

Source: S. Vakalis, K. Moustakas and M. Loizidou (2018). Assessing the 3T method as a replacement to R1 formula for

measuring the Efficiency of waste-to-energy plants. Waste Management & Research 36, 810 — 817



Freie Universitat Bozen
unibz Libera Universita di Bolzano
== Free University of Bolzano

3T & R1 application on Waste-to-Energy plants

Plant A Plant B Plant C
Electrical efficiency [%] 17 % 21 % 27 %
Thermal efficiency [%] 55 % 45 % 45 %
Temperature of output heat [°C] 85 85 85
Physical exergy efficiency [%] 25.22 % 27.46 % 33.23 %
Exergy efficiency of metals [%] 35 35 35




Freie Universitat Bozen
un |bz Libera Universita di Bolzano
== Free University of Bolzano

3T method vs. R1 formula comparison

mmR1 Values ===3T Values

1.25 1.23

1.20

1.15

1.10

1.07

1.05

1.00

0.95

PLANT A PLANT B PLANT C

0.250

0.240

0.230

0.220

0.210

0.200

0.190

0.180

Plants A & B have (almost) the same
R1 values.

For the same cases, the 3T method
provides vastly different results.

The discrepancy in the results is such,
that it becomes clear that the two
methods take different things into
consideration.

The recovery of metals is (for example)
one significant parameter.




R1 Values (no CCF)

Numerical results of R1 vs 3T — Recovering the metals
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R1 Formula

10 20 30 40

50 60 70
Heat efficiency (%)

—10% el.
—30% el.

15% el. 20% el.
——Only Heat ------ R1 (old)

25% el.
~-=R1 (new)

Note: Simple numerical calculations for steam in atmospheric pressure
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Numerical results of R1 vs 3T — The effect of temperature

0310 | For CHP = 60%
0.290

0.270
& 0.250
(]
>
3 0-230
E 0.210
0.190
0.170

100 (212) 200 (392) 300(572) 400 (752)

m3Tonly heat m3T 10% el. m3T, 30% el.

Note: Simple numerical calculations for steam in atmospheric pressure
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Numerical results of R1 vs 3T — The effect of steam temperature

R1 values

0310\ For CHP = 60% 1.40
0.290 1.20
0.270 1.00
v 0.250 0.80
o)
-]
§ 0.230 0.60
K5 0.210 0.40
0.190 0.20
0.170 0.00
100 (212) 200 (392) 300(572) 400 (752)
Temperature of steam °C (°F)
3T only heat mm3T 10% el. mwm3T, 30% el. R1, only heat R1, 10% el. —R1, 30% el.

Note: Simple numerical calculations for steam in atmospheric pressure
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Visual Mapping with the 3T Method

Normalization of each individual efficiency

PLANT C 51.34%

PLANT A

BCHP -norm OBph-norm EBch {m} -nom

CHP (eff %)
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One additional feature of the 3T Method

« The 3T method can be used in order to directly compare waste-to-energy
with other waste management strategies.

. The method is applicable to waste management strategies that recover
energy and materials (i.e. EfW technologies).
« e.g. the case of simple landfilling would not be a useful example.
» but AD can be compared directly with waste-to-energy (example provided)
« Some other (recovery) strategies could be the following:
«  Mechanical Biological Treatment
« Landfill (with landfill gas recovery) plus landfill mining
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Comparison of different Energy-from-Waste strategies

Anaerobic Digestion

., | CHPer [%]
CHP & Exergy of CHR—

from biogas use defined area

Y

Waste-to-energy (incineration)

CHPeg [%0]

d
P chﬁn} [%]
Exergy of Com;:;ﬁ;st 40 zero

80

Prod - BChgﬁ
[%]

0
Beher [%]

Source: S. Vakalis, K. Moustakas, M. Baratieri, M. Loizidou (2018). The 3T method as an assessment tool for

comparing different waste management strategies - (submitted to) Waste and Biomass Valorization
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Possible combination of different Waste Management strategies

Anaerobic Digestion (AD)

CHP & Exergy of CHP—

from biogas use

9

. | CHP¢ [%]

defined area

F.d

Bpnesr [%]

Exergy of Compost

Bgﬂﬁnm

@ zero

80

Prod - Bengt
[%]

Mechanical Biological Treatment (MBT)

Energy used for
the process !
|

| losse

v

CHP¢ [%]

Bonert [%]

Recovered othef”
(plastics, compost etc.)

[ 4

80

Prod - Benggs
[%0]

Bener {m} [%]
L

Recovered metals

Source: S. Vakalis, K. Moustakas, M. Baratieri, M. Loizidou (2018). The 3T method as an assessment tool for

comparing different waste management strategies - (submitted to) Waste and Biomass Valorization
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Conclusions

. R1 formula has been a great first tool for assessing waste-to-energy plants.

. The gradual commercialization of novel waste-to-energy technologies requires the
development of new tools that will be more flexible and will go beyond the case of
incineration.

. This work proposes the 3T method, where thermodynamic parameters are
combined in a radar graph and the overall efficiency is calculated from the area of
the trapezoid.

. The method includes also the recovery of metals and is in good agreement with the
concept of “circular economy”.

. The 3T method calculates different results (with different trends) when compared to
the R1 formula, i.e. the R1 is not considering important parameters even for the
simple case of incineration.

. By using the 3T method the comparison not only of different waste-to-energy
technologies, but also other waste management strategies, becomes possible.
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