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Introduction

1 Introduction

In Denmark, 24% of the waste produced in 2005 was incinerated for heat
and power production; 67% was recycled and only 8% land filled [3]. In
2006, waste supplied fuel for 5% of the Danish electricity production and
23% of the heat production[4].

In the EU, a waste hierarchy exists in which recycling is preferred to
incineration, which is again preferred to landfill. This hierarchy should be
kept unless a life cycle assessment (LCA) shows that other solutions would
be preferable in concrete cases. In the EU, municipal waste is, at present,
disposed of through landfill (49%), incineration (18%), and recycling and
composting (33%) [5]. The EU has, however, introduced aims which
significantly reduce the amounts of biodegradable waste to be landfilled.
According to these aims, the amount of biodegradable waste deposited at
landfills in 2014 must not exceed 35% of the amount of biodegradable
waste produced in 1995 [6]. Consequently, at the EU level, great efforts are
put into finding alternatives to landfill for biodegradable waste.

In January 2007, the Danish Government presented its vision for the
Danish energy system towards 2025. According to the vision, the aim is to
reach a level of 30% of energy consumption supplied by means of
renewable energy in 2025, compared to 14% today, and to reach a share of
10% biofuel in the transport sector in 2020 [7]. Comparisons with similar
European aims show a potential general increase in the level of renewable
energy in the EU, from less than 7% today to 20% by 2020, and a minimum
biofuels share of 10% by 2020 [8]. The utilisation of waste for energy can
contribute to achieving these goals.

Furthermore, several trends make it interesting to use waste resources in a
different manner:

e Waste amounts are increasing all over Europe. Recent analyses
anticipate the amount of waste generated in Denmark to increase in
the future. In these analyses, incinerable waste is projected to rise
by 30% up to year 2020 and food and wood waste each by 40%.
[9;10]

¢ The Danish waste incineration capacity is becoming insufficient for
the growing amounts.
The energy system needs flexibility to integrate more wind power.

¢ The demand for transport continues to increase [11]. As the
transport sector is currently based on fossil fuels, CO2 emissions
from the sector continue to increase. This may be reduced by
producing transport fuels from waste.

¢ Anew building code makes it mandatory to reduce the energy
consumption in houses, which may result in an overall decrease in
the demand for heat [12]. Already at present, waste incineration



























































































































Results

Data for Co-combustion are taken from the data sheet on large-scale
biomass plants with 20% co-firing of straw in a coal-fired steam turbine in
the Technology Catalogue [1]. For RDF, data for a straw-fired steam turbine
of 8-10 MW is used. For biogas used for transport, data regarding the costs
of cleaning and upgrading the biogas to natural gas quality has been taken
from Swedish Gastechnical Centre [85] and data regarding extra natural
gas vehicle costs come from the energy system model of the project “The
Future Danish Energy System” of the Danish Board of Technology [115].
Costs regarding distribution have not been included in any of the
alternatives. Costs for the Syngas alternative are from the Well-to-Wheel
Report by EUCAR et.al. regarding an integrated gasification combined cycle
plant [63], which is assumed to cover the costs of gasification and catalysis
combined with the costs of the CHP unit (10-100 MW-e gas turbine
combined cycle) from the Technology Catalogue[1]. Data regarding
Biodiesel is provided by the owner of an existing plant [82], while data on
Bioethanol is from a producer of a plant, which is only being planned [45].

The figures below show the differences between the reference - today’s
energy system - and the alternative uses of waste. The figures show the
substituted fuel or decreased consumption as positive values and the
induced fuel or increased consumption as negative values. The figures
illustrate the plant types and sectors in which changes occur due to the
different uses of waste in the various alternatives. Furthermore, the figures
illustrate the differences in heat surplus and net electricity export
compared to the Reference. For both, an increase is shown as a negative
value and a decrease as a positive value. To be able to compare sizes with
fuel consumption, the net electricity export is divided by the electrical
efficiency of a coal-fired power plant (40%) in this type of figures, thereby
assuming that the marginal electricity production unit is coal-fired power
plants.
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Waste Incineration

Net el. exp./ Heat surplus: :

Industry
Transport

Condensing power plant

TWh

Boiler - central

Boiler - dec.

Decentralised CHP

District heating

Central cHp [N

-1,5 -1 -0,5 0 0,5

M Coal
H Qil
N.Gas
M Biomass and waste
Moved waste fuel
M Net el. export

Heat surplus

Figure 10 Substituted fuel when adding 4 PJ of mixed waste to new waste

incineration in a central DH area

When 4 P] of mixed waste is added to a central area, around 0.7 TWh of
coal is displaced in central CHP plants. The net electricity export decreases
and the heat surplus increases as the flexibility of the system is reduced.

Cocombustion

Net el. exp./ Heat surplus

Industry
Transport
Condensing/power plant

Boijler - central

Boiler - dec.
Central CHP
Decer;l!ralised CHP
District heating

TWh

-1,5 -1 -0,5 0 0,5 1

15

M Coal
m Oil
N.Gas
M Biomass and waste
Moved waste fuel
M Net el. export

Heat surplus

Figure 11 Substituted fuel when adding 4 PJ of RDF to Co-combustion in a coal-fired

power plant in a central DH area

When co-combusting RDF with coal in a coal-fired power plant by adding 4
PJ of RDF, around 0.8 TWh of coal is substituted. The pink column
illustrates the conversion of the waste to another fuel - here from mixed
waste to RDF - and the input of the fuel to another energy use - here
central CHP. The substitution of coal occurs both in condensing power

plants and in central CHP plants. The substitution of fuels in the

condensing power plants is due to the increased electrical efficiency of this
system compared to the reference. As a result of the change, net electricity
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export increases and heat surplus decreases, indicating a better flexibility
than in the reference.

Dedicated RDF
B Coal
H Qil

Net el. exp./ Heat surplus N.Gas

M Biomass and waste

Industry

Transport Moved waste fuel

M Net el. export

Condensing|power plant
Boiler - central Heat surplus

Boiler - dec.
Central CHP I I
Decentralised CHP
District heating

TWh

-1,5 -1 -0,5 0 0,5 1 15

Figure 12 Substituted fuel when adding 4 PJ of RDF to a dedicated RDF CHP plant in
a central DH area

When adding 4 P] of RDF to a dedicated RDF plant in a central area, mainly
coal is substituted and mainly in central CHP plants. Some biomass is,
however, also substituted resulting in a reduced net increase in biomass
and waste consumption, compared to the Co-combustion alternative. The
difference between the dedicated RDF alternative and the Co-combustion
alternative is related to the efficiencies of the RDF and the Co-combustion
plant, respectively. In the RDF alternative, the electrical efficiency does not
increase and, hence, no substitution occurs in the condensing power plants.
Furthermore, in the Co-combustion alternative, only coal is substituted in
the central CHP area, whereas an average of the fuels used in central CHP
plants is substituted in the RDF alternative. No changes occur with regard
to net electricity export or heat surplus.

BiogasCHP

¥ Coal
u Qil
N.Gas

Industry

M Biomass and waste
ransport

Moved waste fuel

g densing pawer plant B Net el. export
Boiler - central Heat surplus
Boiler - dec. .
Central CHP
Decentralised CHP [ ]
‘ District heating r
-1,2 -1 -0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6

Figure 13 Substituted fuel when adding 4 PJ] of organic waste to anaerobic digestion
in a biogas plant with subsequent use of the biogas for CHP production in a
decentralised DH area
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Converting organic waste to biogas and subsequently utilising it for CHP
has a low total efficiency and, hence, only around 0.4 TWh are substituted
when adding 4 P] of organic waste to a biogas plant in a decentralised area.
The main part of the substituted fuel consists of natural gas used for CHP in
decentralised areas. Some coal is also substituted in boilers in
decentralised areas and some biomass in both CHP plants and boilers.
Furthermore, the net electricity export increases.

BiogasCHP+
Net el. exp./|Heat surplu ‘
| ™ Coal
Industry =oil
Transport N.Gas
M Biomass and waste
=
E Condensing power plant Moved waste fuel
Boiler - central M Net el. export
Boiler - decl| [l Heat surplus
Central CHP
Decentralise
DiLtrict heating ‘

2 1,5 1 0,5 0 0,5 1 1,5

Figure 14 Substituted fuel when adding 4 P] of organic waste and 2 P] of manure to
anaerobic digestion in a biogas plant with subsequent use of the biogas for CHP
production in a decentralised DH area. Includes 1 P] of fibre fraction from manure
burnt in a biomass CHP plant.

In the BiogasCHP+ alternative, 2 P] of manure is added apart from the 4 P]
of organic waste. The anaerobic digestion of the organic waste in a biogas
plant is assumed to facilitate the treatment of manure. Furthermore, it is
assumed that the fibre fraction of manure remaining after the anaerobic
digestion is used in biomass CHP plants in a decentralised area. The result
is an increased displacement of primarily natural gas from decentralised
CHP plants and a net increase in the use of biomass in decentralised CHP
plants. Again, the net electricity export increases.
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TWh

Net el. exp./ Heat surplus

BiogasTransport

Transport

ensing power plant
Boiler - central
Bojler - dec.
Central CHP
Decentralised CHP

District heating
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mOoil
N.Gas

M Biomass and waste and waste
Moved waste fuel

M Net el. export

Heat surplus

Figure 15 Substituted fuel when adding 4 P] of organic waste and 2 P] of manure to
anaerobic digestion in a biogas plant with subsequent use of the biogas for

transport.

When converting the 4 PJ of organic waste to biogas and subsequently
utilising the biogas for transport, around 0.4 TWh of oil is substituted. No
changes occur with regard to net electricity export or heat surplus.

TWh

Net el. exp./ Heat surplus

BiogasTransport+

Industry
Transport

Condensing power plant
Boiler - central
Boiler - dec.
Central CHP
Decentralis

Di

strict heating

¥ Coal
H Qil
N.Gas
B Biomass and waste
Moved waste fuel
M Net el. export

Heat surplus

-2,5

-0,5

15

Figure 16 Substituted fuel when adding 4 P] of organic waste and 2 PJ of manure to
anaerobic digestion in a biogas plant with subsequent use of the biogas for
transport. Includes 1 PJ of fibre fraction from manure burnt in a decentralised
biomass CHP plant.

In the BiogasTransport+ alternative, 2 P] of manure is added along with the
4 PJ] of organic waste, and again, the fibre fraction is burnt in biomass CHP
plants in a decentralised area. The result is a substitution of around 0.6
TWh of oil from transport and 0.3 TWh of natural gas from decentralised
CHP plants. Again, no changes occur with regard to net electricity export or
heat surplus.
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Syngas

Net el. exp./ Heat surplus
H Coal

uOil
N.Gas

Industry

Transport
B Biomass and waste

. Moved waste fuel
Condensing power plant

TWh

. H Net el. export
Boiler - central

Heat surplus
Boiler - dec. urei

Central CHP
Decentralised CHP

District heating

-1,5 -1 -0,5 0 0,5 1

Figure 17 Substituted fuel when adding 4 PJ of mixed waste to gasification with
subsequent use of the syngas for transport and CHP in a central DH area

In the syngas alternative, 4 P] of mixed waste is converted to syngas. Part
of it is catalysed to biopetrol and used for transport while another part is
used directly in a CHP plant placed in a central area. The result is the
substitution of around 0.6 TWh of oil from transport and around 0.2 TWh
of coal. A minor increase in net electricity export and a minor decrease in
surplus heat occur.

Syngas+

B Coal
u Qil
N.Gas

Net el. exp./ Heat surplus

Industry B Bjomass and waste

Transport Moved waste fuel

M Net el. export
Condensing power plant

TWh

. Heat surplus
Boiler - central

Boiler - dec.
Central CHP
Decentralised CHP

District heating

-5 -4 -3 -2 -1 0 1 2 3 4

Figure 18 Substituted fuel when adding 4 PJ of mixed waste and 12 PJ of coal to
gasification with subsequent use of the syngas for transport and CHP in a central DH
area.

In the Syngas+ alternative, the gasification of 4 PJ of waste is assumed to
result in the gasification of 12 PJ of coal, presuming that the gasification of
coal would otherwise not take place in the current Danish energy system.
Around 2.2 TWh of oil is now substituted from the transport sector, while a
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net increase in the consumption of coal of around 1.9 TWh occurs. Again, a
minor increase in net electricity export and a minor decrease in surplus
heat take place.

TWh

Net el. exp./ Heat surplus

Industry

Transport

Condensing power plant

Boiler - central

Biodiesel

B Coal

m Oil
N.Gas

® Biomass and waste
Moved waste fuel

H Net el. export

Boiler - dec. Heat surplus
Central CHP

Decentralised CHP

District heating

-1,5 -1 -0,5 0 0,5 1 15

Figure 19 Substituted fuel when adding 4 P] of animal fat transesterification with
subsequent use of the biodiesel for transport

In the Biodiesel alternative, 4 PJ of animal fat is converted to biodiesel and
used in the transport sector, thereby substituting around 0.9 TWh of oil. No
other changes occur.

Bioethanol

Net el. exp./ Heat surpl M Coal
LNelll

N.Gas

Transport M Biomass and waste

Moved waste fuel

Condensing power plant M Net el. export

TWh

. Heatsurplus
Boiler -|central P

Boiler - dec.
Central CHP
Decentralised CHP

District|heating

-1,2 -1 -0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6 0,8 1

Figure 20 Substituted fuel when adding 4 P] of organic wastes to fermentation with
subsequent use of the bioethanol for transport and by-products for CHP in a
decentralised DH area.

In the Bioethanol alternative, organic wastes are converted to bioethanol
used for transport and to biogas, solid biomass and hydrogen used for CHP
production in a decentralised area. As a result, around 0.4 TWh of oil is
substituted in the transport sector together with 0.3 TWh of natural gas
from primarily CHP plants but also boilers in a decentralised area. The
change results in an increase in the net electricity export.
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Total fuel substitution

M Coal

HOil
Bioga

TWh

N.Gas

M Biomass and waste

-4,00 -3,00 -2,00 -1,00 0,00 1,00 2,00 3,00

Figure 21 Total substituted fuel for all WtE technologies when adding 4 PJ waste
(and 2 PJ manure in the Biogas+ alternatives and 12 PJ coal in the Syngas+
alternative)

Figure 21 illustrates the results of the alternatives subtracted from the
reference. From the figure, it can be seen that the RDF, Co-Comb, Biogas+,
Syngas and Biodiesel alternatives perform more or less equally well in
terms of substituting fossil fuels. The Biogas+ scenarios do, however, use
more biomass (primarily manure) to achieve the same fossil fuel
substitution. The Biodiesel alternative substitutes mostly oil, whereas the
RDF and Co-Comb alternatives substitute mainly coal, and the BiogasCHP+
mainly natural gas. The Syngas+ alternative substitutes the highest amount
of oil, but increases the use of coal at the same time.
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Figure 22 Difference in electricity export, heat surplus and electricity trade income
when adding 4 P] in 2006

In Figure 22, an increase compared to the Reference is shown as a positive
value and a decrease as a negative value. In this type of figures, the net
electricity export is not divided by the efficiency of a possible marginal
electricity-producing plant.

To sum up, the figure shows an increase in the electricity trade income for
most alternatives apart from Incineration and, to a lesser degree, Biogas
Transport+. Incineration is the only alternative in which the net electricity
export decreases and the heat surplus increases. As more waste is added to
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the system, the flexibility decreases. The highest electricity trade income is
found with the Co-combustion and Syngas+ alternatives, which are also the
alternatives with the highest net electricity export and the lowest heat
surplus.

After having looked at the consequences of adding 4 P] of waste to different
technologies, the consequences of removing 4 PJ of waste from the current
use are now analysed. It is analysed what happens when 4 PJ are removed
from decentralised or central DH areas and what happens when animal fat
removed from the current use for industrial heating.

Remove 4 PJ from decentralised area

Net el. exp./|Heat surplus 1 H Coal
Total m Qil

Industry N.Gas

Transport B Biomass and waste

Waste conversion
i Moved waste fuel
Condensing power plant

g
Boiler - central M Net el. export
Boiler - dec. Heat surplus
Central CHP
Decentralised CH
DiLtrict heating
-1,5 -1 -0,5 0 0,5 1 1,5

Figure 23 Substituted fuel when removing 4 P]J of mixed waste from waste
incineration for CHP in a decentralised DH area.

In Figure 23, it can be seen that the removal of 4 P] of waste from
decentralised CHP results in an increase in the natural gas consumption of
CHP plants in decentralised areas. As the natural gas plants have higher
electrical efficiencies than waste incineration, coal is substituted in the
condensing power plants and an increased consumption of natural gas
occurs in the boilers in the decentralised areas to cover the heat demand. A
minor increase in the net electricity export also occurs.
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Net el. exp./ Heat surplu
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Transport

Waste conversion
Condensing power plant
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Boiler - dec.
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u Qil
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Moved waste fuel
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Figure 24 Substituted fuel when removing 4 P] of mixed waste from waste

incineration for CHP in a central DH area.

Figure 24 shows that the removal of 4 P] of waste from central CHP results
in an increase in the coal consumption of CHP plants in central areas. As
the coal-fired CHP plants have higher electrical efficiencies than waste
incineration, coal is substituted in the condensing power plants. The
change results in an increased flexibility in the system and, hence, the heat
surplus decreases and the net electricity export increases.

Net el. exp.]/ Heat surplus
Total

Industry

Transport

Waste

Condensing power plant
oiler - central

Boiler - dec.

Central CHP
Decentralised CHP
istrict heating

TWh

Remove 4 PJ animal fat

-1,5 -1 -0,5

0,5

15

M Coal
m QOil
N.Gas
M Biomass and waste
Moved waste fuel
M Net el. export

Heat surplus

Figure 25 Substituted fuel when removing 4 PJ of animal fat from industrial heating.

When removing animal fat from industrial heating, the heat is instead
assumed to be produced on natural gas-fired boilers and, hence, the
demand for natural gas increases. No other changes occur.

Although it may be tempting to combine the results of adding 4 P] of waste
in one area with the results of removing 4 PJ in another area, it may not
always give the same results as moving 4 P] of waste from one use to

another in the same area.

62




Results

The table below shows the total fuel consumption and net electricity
export for the different technical alternatives when adding or removing 4
PJ of waste.

Table 23 Fuel consumption and net electricity export with the different WtE
alternatives when adding or removing 4 P] in 2006

TWh/year Total Coal oil Ngas Bio Waste Other Net el.
fuel RE export
No waste 248,84 68,88 95,49 56,99 21,24 0 6,24 6,94
Reference 251,77 65,64 95,49 52,79 21,23 10,38 6,24 6,80
Incineration 252,07 64,97 95,49 52,76 21,23 11,38 6,24 6,79
Co-combustion 251,88 64,77 95,49 52,77 21,23 11,38 6,24 6,83
RDF 251,78 64,80 95,43 52,75 21,18 11,38 6,24 6,80
BiogasCHP 252,32 65,62 95,49 52,43 21,16 11,38 6,24 6,83
BiogasCHP+ 252,58 65,57 95,48 51,90 22,01 11,38 6,24 6,83
BiogasTransport 252,39 65,64 95,11 52,79 21,23 11,38 6,24 6,80
BiogasTransport+ 252,76 65,62 94,87 52,51 22,14 11,38 6,24 6,80
Syngas 251,95 65,41 94,93 52,77 21,22 11,38 6,24 6,81
Syngas+ 252,41 67,50 93,31 52,75 21,23 11,38 6,24 6,83
Biodiesel 251,86 65,64 94,58 52,79 21,23 11,38 6,24 6,80
BioEthanol 252,01 65,63 95,14 52,45 21,17 11,38 6,24 6,83
Remove waste Dec 251,54 65,34 95,49 53,86 21,23 9,38 6,24 6,81
Remove waste Cen 251,45 66,30 95,49 52,81 21,23 9,38 6,24 6,83
Remove animal fat 251,77 65,64 95,49 53,79 20,23 10,38 6,24 6,80

Table 23 shows the total fuel consumptions of the Danish energy system
with the different alternatives. The alternative with the highest fossil fuel
consumption is the alternative in which no waste is used. This is also the
alternative with the lowest total fuel consumption and the highest net
electricity export. Apart from that, the highest fuel consumption is found in
the BiogasTransport+ alternative in which extra manure is utilised and a
relatively high amount of coal is also used. The highest use of coal is seen in
the Syngas+ alternative, where coal is added to gasify waste. This is also
the alternative with the lowest oil consumption. The lowest coal
consumption is found in the Co-combustion alternative and the lowest
natural gas consumption is seen in the BiogasCHP+ alternative.
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Total CO2 emissions (Mt/year)

Remove animal fat
Remove waste Cen
Remove waste Dec.
BioEthanol
Biodiesel

Syngas+

Syngas M CO2 (internal)
BiogasTransport+ M CO2 (export)
BiogasTransport
BiogasCHP+
BiogasCHP

RDF

Cocombustion

Incineration

Reference

52 53 1 54 55 56 57 58 59 60 61

Figure 26 Total CO; emissions when adding or removing 4 PJ of waste (and adding 2
P] of manure in the Biogas+ alternatives and 12 PJ of coal in the Syngas+
alternative). The dotted line illustrates the level of CO; emissions in the Reference
for total CO: emissions and for emissions related to internal electricity
consumption.

Figure 26 illustrates the differences in CO2 emissions from the Danish
energy system between the reference and the various alternatives. When
regarding the total CO2 emissions including emissions related to export, in
most cases, a reduction of CO2 emissions occurs compared to the
Reference. Only the removal of waste from a central district heating area,
the removal of fat from industrial heating as well as the Syngas+ scenario
emit more than the Reference. The alternatives with least CO2 emissions
are the Biodiesel, the BiogasTransport+ and the BiogasCHP+ alternatives.

When only internal emissions are taken into account, the picture changes
slightly. When assuming that condensing coal-fired power plants constitute
the marginal power-producing unit, the emissions from the internal use of
electricity can be estimated by subtracting emission figures equivalent to
those of a coal-fired power plant with an efficiency of 40% which produces
the electricity exported. The results will now show that the removal of
waste and animal fat from the energy system leads to an increase in CO>
emissions. Syngas+ is now by far the alternative which substitutes most
CO: followed by Co-combustion and RDF.

As Syngas+ changes from being one of the worst to the best alternative,
depending on the perspective, the results illustrate the importance of
identifying the correct marginal electricity-producing unit when
attempting to isolate the CO; emissions related to internal electricity
consumption. Assuming this is always coal-fired power plants is a crude
simplification. Finding the marginal electricity-producing unit is best done
in an energy model which incorporates the entire surrounding electricity
market, in this case the Nordic electricity market.
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Figure 27 CO; reduction cost when adding 4 P] of waste. RemoveWasteDec is almost
20000 MDKK/Mt CO; and is cut off in the figure.

Figure 27 illustrates the CO2 reduction costs measured as the increase in
costs divided by the total CO; reduction achieved for the alternatives
providing a COz reduction. Removing waste from a decentralised district
heating area is very expensive, corresponding to a price of almost 20000
DKK/t COz, and the column is cut off to illustrate the other reduction costs.
Five of the alternatives result in lower annual costs of the energy system
than today, resulting in negative reduction costs. Here, Biogas results in the
lowest CO2 reduction costs, followed by the Syngas alternative. It should be
noted that, if distribution costs for biogas were included in the
BiogasTransport initiative, the CO; reduction costs could be altered
considerably.

5.2 Move 4 PJ 2006

In this section, results are presented for analyses of scenarios in which 4 P]
of waste is moved from its present use and added to the various technical
alternatives. The question to be answered is “How low CO; emissions can
we achieve when changing the uses of waste for energy?”

Table 24 Resource use for the WtE alternatives when moving 4 PJ in 2006

. Waste Biomass
PJ Specific plant inc. CHP
Reference 37 46
Incineration (Cen.) 4 33 46
Co-combustion/ Ded. RDF (Cen) 4 33 46
Biogas (Dec) 4+42% 33 46+1*
Syngas (Cen) 4+12%* 33 46
Biodiesel (Dec) 4 37 42
Bioethanol (Dec) 4 36 43

*Extra resource used only in this type of plant —included in the "Plus” scenarios
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Table 24 is similar to Table 21 apart from the fact that, in Table 25, 4 PJ is
both added and removed. The distribution can also be seen in Figure 28.
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Figure 28 Resource use for the WtE alternatives when moving 4 PJ in 2006

The investment and O&M costs as well as the lifetimes are the same for the
moving of 4 P] of waste in 2006 (Move 4 P] scenario) as for the addition of
4 PJ of waste in 2006 (Add 4 PJ scenario) and are displayed in Table 22.
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Figure 29 Total substituted fuel for all WtE technologies when moving 4 P] of waste
(and adding 2 PJ of manure in the Biogas+ alternatives and 12 P] of coal in the
Syngas+ alternative)

In Figure 29, results from the technical alternatives are again subtracted
from the reference. As can be seen, the total fuel substitution achieved by
moving 4 P] of waste is significantly different from the one resulting from
the addition of 4 PJ, as the benefit from adding waste is reduced by the
disadvantage of removing 4 P]. The same amounts of oil are substituted,
whereas the consumption of natural gas increases in the alternatives
placed in a decentralised DH area (Biogas, Biodiesel and Bioethanol). The
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same is the case of the coal consumption of the alternatives placed in a
central area (Incineration, Co-combustion, RDF and Syngas). Biomass is
substituted in the Bioethanol alternative, as it is here assumed that straw is
moved from biomass CHP to the bioethanol plant. Furthermore, the coal
consumption increases in condensing power plants when less electricity is
produced as a result of moving the 4 PJ of waste.
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Figure 30 Difference in net electricity export, heat surplus and electricity trade
income when moving 4 PJ in 2006

Figure 30 shows that the Syngas alternatives as well as the Co-combustion
and RDF alternatives increase the flexibility of the energy system, resulting
in increased electricity export and decreased heat surplus. The Biodiesel
alternative has no influence on the electricity export, heat surplus or
electricity trade income. The highest electricity trade income is found in
the Syngas+ alternative. The electricity trade income follows the difference
in electricity export; apart from in the BiogasCHP and the Bioethanol
alternatives, which are able to gain more by the increased electricity
export. The improved electrical efficiency of the Incineration alternative
decreases the heat surplus but has no effect on the net electricity export.

In Table 25, the total fuel consumption and net electricity export are shown
for each alternative.

67



Results

Table 25 Fuel consumption and net electricity export with the different WtE
alternatives when moving 4 PJ in 2006

Total Other Net
TWh/year Coal QOil Ngas Bio Waste el.

fuel RE

export

Reference 251,77 65,64 95,49 52,79 21,23 10,38 6,24 6,80
Incineration 251,73 65,61 95,49 52,78 21,23 10,38 6,24 6,80
Co-combustion 251,55 65,42 95,49 52,79 21,23 10,38 6,24 6,85
RDF 251,45 65,45 95,43 52,77 21,18 10,38 6,24 6,83
BiogasCHP 252,10 65,31 95,49 53,51 21,17 10,38 6,24 6,83
BiogasCHP+ 252,61 65,28 95,48 53,17 22,06 10,38 6,24 6,83
BiogasTransport 252,16 65,34 95,11 53,86 21,23 10,38 6,24 6,81
BiogasTransport+ 251,77 65,64 95,49 52,79 22,14 10,38 6,24 6,81
Syngas 251,63 66,03 94,95 52,80 21,23 10,38 6,24 6,83
Syngas+ 252,08 68,30 93,25 52,72 21,19 10,38 6,24 6,85
Biodiesel 251,86 65,64 94,58 53,79 21,23 10,38 6,24 6,80
BioEthanol 251,77 65,52 95,14 53,85 20,64 10,38 6,24 6,83

The highest fuel consumption occurs in the BiogasCHP+ alternative,
whereas the lowest is found in the RDF alternative. The Syngas+
alternative is the alternative which results in the highest coal consumption
and the lowest oil and natural gas consumption. The lowest coal
consumption is found in the BiogasCHP alternatives. The highest oil
consumption is found in the Reference and CHP alternatives and the
highest natural gas consumption in the BiogasTransport alternative.
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Figure 31 Total CO; emissions when moving 4 P] of waste (and adding 2 PJ] of
manure in the Biogas+ alternatives and 12 PJ of coal in the Syngas+ alternative).
The dotted line illustrates the level of CO; emissions in the Reference for total CO:
emissions and for emissions related to internal electricity consumption.

As seen in Figure 31, the reduced CO2 emissions achieved by moving 4 PJ
of waste are also different from the reductions achieved by adding 4 P].
When adding 4 PJ, only the Syngas+ alternative and the removal of waste
resulted in increased CO2 emissions. When including the drawback of
removing the 4 P] from their current usage, the BiogasCHP and the
BiogasTransport alternatives also result in increased emissions. Now the
BiogasTransport+, the Co-combustion and the RDF alternatives give the
highest CO2 reductions, and no differences can be found between the CO;
emissions of the Bioethanol alternative and those of the Reference,
respectively. Below, the COz reduction costs for the alternatives resulting
in CO2 emissions reductions are illustrated.
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Figure 32 CO; reduction cost when moving 4 P] of waste. The cost of Incineration is
almost 20000 MDKK/Mt CO; and is cut off.
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From Figure 32, it can be seen that the Biogas+ and Syngas alternatives
represent savings compared to today’s system. Incineration is the most
expensive alternative in terms of CO; reduction at a price of almost 20000
DKK/t COz.

5.3 Full resource potential in 2006

Fruergaard [93] has identified the existence of an unused biomass resource
potential in Denmark. In this section, results are presented of analyses of
the full resource use. If not used in other ways, waste is incinerated
primarily for CHP as today, biomass is used for CHP and boilers and animal
fat is used for industrial heating. The question to be answered is “How high
CO2 emission reductions can we achieve when using the full resource
potential?”

In Table 26, the resource use of the various alternatives is shown. As can be
seen, the potentials vary significantly for the different alternatives. It is
particularly noteworthy that an unused potential of 17 P] of manure is
identified for biogas production. Furthermore, a potential of 10 P] of waste
is identified for gasification. The gasification of this waste together with
coal would require the use of 31 P] of coal.

Table 26 Resource use for the WtE alternatives when using full resource potential in
2006

PJ Specific plant Waste inc. Biomass CHP
Reference 37 46
Reference - Extra 37 46+19
Incineration (Dec/Cen) 10** 27 46+19
Co-combustion/ Ded. RDF (Cen) 7+3** 27 46+19
Biogas+ (Dec) 4+40*+6** 27 46+19+17*
Syngas (Cen) 10+31* 27 46+19
Biodiesel (Dec) 3+10** 27 46+16
Bioethanol (Dec) 18+5*+4** 27 46+7

*Extra resource used only in this type of plant
**#10 PJ of waste is used in new waste incineration plants (35% in the decentralised and
65% in central DH areas) unless it is used in the other conversion plants.

In the Biogas+ alternatives, the full potential of organic household waste,
manure, organic industrial waste and sludge is used. In the Syngas+
alternative, coal is included and, in the Syngas alternative, it is not. The
resource use is also illustrated in Figure 33.
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Figure 33 Resource use for the WtE alternatives when using the full resource

potential in 2006

Table 27 Investment and Operation and Maintenance Costs as well as availability
and lifetimes when using the full resource

WHE Investment O&M  Availability Lifetime

technologies (MEUR/P)J) (%) (%) (years) vear Source
Waste Incineration 52.2 7 98 20 2004 [1]
Co-combustion 1.7 10 98 30 2004 [1]
Dedicated RDF 51.1 4 91 20 2004 [1]
BiogasCHP+ 18.3 7 98 20 2004 [1]
BiogasTransport+ 34.1 4 98 20 2004 [1]
Syngas 50.9 4 80 20 2010-20 [63]
Biodiesel 13.9 1 98 20 2006 [82]
Bioethanol 65.0 10 98 20 2006 [45]

Only the biogas alternatives in Table 27 have other investment costs

measured in MEUR/PJ input than when adding 4 P]J.
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Figure 34 Total substituted fuel for all WtE technologies when moving the full
potential

In Figure 34, the technical alternatives utilising the full resource potential
have been subtracted from the reference (today’s energy system). The
results, therefore, mainly illustrate the benefit of utilising the resource
potential and, to a less degree, the drawbacks of moving waste from waste
incineration or from combustion in biomass CHP plants, which are the
default solutions when the resources are not utilised in the various
alternatives. In that sense, the figure resembles the results of adding 4 P]
more than the results of moving 4 PJ. It should be noted that the potential
resources are greatest for the Biogas alternatives, which is one of the
primary reasons that the substituted consumption is largest here.
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Figure 35 Difference in electricity export, heat surplus and electricity trade income
when moving the full resource potential in 2006

From Figure 35, it can be seen that all alternatives increase the flexibility of
the system with reduced heat surplus, increased electricity export and
increased income from electricity export. The Syngas+ alternative results
in the lowest heat surplus and the highest electricity export as well as the
largest electricity trade income. For the Incineration alternative, the
increased substitution of the incineration plants with new plants with
higher electrical efficiency, compared to moving 4 PJ, results in both a
decrease in heat surplus and an increase in net electricity export.
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Table 28 Fuel consumption and net electricity export with the different WtE
alternatives when moving the full resource potential in 2006

TWh/year LCLE) Coal Oil Ngas Bio Waste QL A
fuel RE export
Reference 251,77 65,64 95,49 52,79 21,23 10,38 6,24 6,80
Reference Extra 251,77 64,17 95,45 51,16 24,37 10,38 6,24 6,80
Incineration 251,58 63,98 95,45 51,14 24,39 10,38 6,24 6,82
Co-combustion 251,14 63,51 95,45 51,14 24,42 10,38 6,24 6,88
RDF 251,05 63,72 95,34 51,09 24,28 10,38 6,24 6,85
BiogasCHP+ 256,80 63,24 95,42 43,95 37,57 10,38 6,24 6,85
BiogasTransport+ 258,50 63,52 91,03 47,19 40,14 10,38 6,24 6,82
Syngas 251,36 65,42 93,83 51,12 24,36 10,39 6,24 6,88
Syngas+ 252,75 71,97 88,98 50,89 24,29 10,38 6,24 6,98
Biodiesel 252,02 63,98 94,64 52,03 24,75 10,38 6,24 6,82
BioEthanol 252,92 64,53 93,22 51,78 26,77 10,38 6,24 6,83

As can be seen in Table 28, the highest fuel consumption occurs in the
BiogasTransport+ alternative, and the lowest in the RDF alternative. Again,
the Syngas+ alternative results in the highest coal consumption and the
lowest oil consumption. The highest oil and natural gas consumption are,
again, to be found in the Reference. The lowest natural gas consumption is
also to be found in the BiogasCHP+ alternative. The highest net electricity
export is found in the Syngas+ alternative, and the lowest in the Reference.

Total: CO2 emissions (Mt/year)
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Figure 36 Total CO. emissions when moving the full resource potential. The dotted
line illustrates the level of CO. emissions in the Reference for total CO; emissions
and for emissions related to internal electricity consumption.

With regard to the CO2 emission saving potential, the BiogasTransport+
alternative is the best, but only marginally better than the BiogasCHP+
alternative. The Syngas+ is marginally worse than the Reference in terms
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of total CO emissions, including emissions from export, and as good as the
BiogasTransport+ alternative when only looking at emissions from internal
consumption.
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Figure 37 CO; reduction cost when moving full resource potential

The annual cost of the energy system with the various alternatives has
been calculated in the way that all alternatives are assumed to carry the
full burden of the investments needed to handle the extra resource. Only
the ReferenceExtra alternative does not include costs for the upgrade
required to incinerate up to 10 P] of waste in new waste incineration
plants. Only the Incineration and the Biodiesel alternatives carry the
burden of investing in new waste incineration plants which can incinerate
the full potential of 10 P]J.

The Biogas+ alternatives result in net savings in annual costs. The most
expensive alternatives are the Bioethanol and Biodiesel alternatives.

5.4 Move 4 PJ 2050

In this section, results are presented of analyses of scenarios in which 4 P]
of waste is moved from where it is used in the reference and added to the
various technical alternatives in a 100% renewable energy system. As the
system is relying 100% on renewable energy, the only CO2 emissions from
energy conversion stems from the fossil part of the waste utilised. This is
the same in all alternatives, apart from the Reference system in which no
waste is used. As biomass will be a limited resource in a 100% RE system,
the focus on reducing CO; emissions changes to a focus on reducing
biomass consumption. The question to be answered here is therefore “How
can we reduce biomass consumption by changing the use of waste for
energy?”
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Table 29 Resource use for the WtE alternatives when moving 4 PJ in 2050

PJ Specific plant Waste inc. Biomass CHP
Reference 37 132
Incineration (Cen.) 4 33 132
Co-combustion/ Ded. RDF (Cen) 4 33 132
Biogas (Dec) 4+42% 33 132
Syngas (Cen) 4+12%* 33 132
Biodiesel (Dec) 4 37 128
Bioethanol (Dec) 4 36 129

*Extra resource used only in this type of plant —included in the "Plus” scenarios

For simplicity, the same amount of waste is used in the reference in 2050

as in the 2006 reference, as can be seen in Table 29. A much larger amount

of biomass is, however, used to cover the energy demand by renewable
energy. For the Syngas+ alternative, it is assumed that the waste is co-
gasified with biomass. The resource use is illustrated in Figure 38.

190
o
170 ] ] — ] ]
160 4— | | ™ Extra ressource WtE
< 150 +— —1 |EWIE
E 140 +— — Wasteinc.

130 +— ] Biomass CHP
120 +— —
110 +— |
100

& D Q A Q D 2

Qo Q Q¢ () Q (% ()
& ¢ ¢ ¢ ¢ ¢
¢ o Q9 & & & 5
e,b Q 5\\ O &
) N ..
& QN M
& &
&
~
&
<&
Y

Figure 38 Resource use for the WtE alternatives when moving 4 PJ in 2050

Please note that, due to the large biomass consumption assumed in 2050,

the figure starts at 100 TWh.
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Table 30 Investment and Operation and Maintenance Costs as well as availability
and lifetimes when moving 4 PJ in 2050

Investment O&M  Availability Lifetime

WHE technologies (MEUR/P)) (%) (%) tveer Year Source
Waste Incineration 51.4 7 99 20 2020-30 [1]
Co-combustion 22.2 4 90 30 2020-30 [1]
Dedicated RDF 34.4 4 91 20 2020-30 [1]
Biogas CHP 4.7/14.8* 7 98 20 2020-30 [1]
Biogas Transport 15.4/25.4* 5 98 20 2020-30 [1]
Syngas 50.9 4 80 20 2010-20 [63]
Biodiesel 13.9 1 98 20 2006 [82]
Bioethanol 29.0 10 98 20 2010-20 [63]

* Biogas Plus alternatives

With regard to the investment costs shown in Table 30, the first five
alternatives on the list have been assigned the prices of 2020-2030, as
given in the Technology Data for Electricity and Heat Generating Plants
from the Danish Energy Authority et. al. 2005. The Syngas investment costs
have been kept at the same level, as the prices were already future prices
including expectations of decreases in costs and increases in efficiencies.
The Biodiesel investment costs have also been maintained, as production
of biodiesel from animal fat is a fairly mature technology, which is not
expected to change significantly in the future. Finally, the investment costs
have been replaced by costs from the Well-To-Wheels Report by EUCAR et.
al. 2007, as these represent an estimation of future costs and a significant
reduction in costs compared to the costs used for 2006.

Total fuel substitution
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Figure 39 Total substituted fuel for all WtE technologies when moving 4 PJ of waste
(and adding 2 P] of manure in the Biogas+ alternatives and 12 P] of biomass in the
Syngas+ alternative)

In Figure 39, results from the analysis of technical alternatives are
subtracted from a scenario in which waste is not used for energy. As can be
seen, the only type of fuel use which alters is the biomass consumption.
The results of the analysis of alternatives are compared with a reference
case in which no waste is used and, hence, all alternatives substitute
biomass. Furthermore, for the Biogas+ scenarios, it is assumed that an
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unused resource of manure is still available, and this resource is added to
the system. Co-combustion, RDF and Syngas use less biomass than
Incineration. The Biodiesel alternative results in a high use of biomass, as
the efficiency of producing transport fuel is lower than the efficiency of the
alternative technologies of the model, such as hydrogen and electric cars.

The highest substitution occurs with Co-combustion. This alternative does,
however, require large-scale combustion of biomass and it is not certain
whether this will take place in a future with 100% RE. The high
competition on biomass resources and the need for energy efficiency may
instead result in a gasification of the biomass. If this technology exists, it
may be possible to co-gasify waste with biomass in existing biomass
gasification plants, making the Syngas alternative, in which no extra
biomass is required, more likely. The Syngas alternative could also use
other technologies, such as super critical water gasification based on the
gasification of waste only. These technologies are, however, still at the
developmental stage.

m Net el. export
Heat surplus
Income electricity trade

TWh/year

Figure 40 Differences in electricity export, heat surplus and electricity trade income
when moving 4 PJ in 2050

Figure 40 shows little difference in the electricity export and in the income
from trade with electricity. Increased electricity trade income follows
increased electricity export. The highest net electricity export and the
highest income from electricity trade are found in the Incineration
alternative. No difference can be seen between the heat surplus in the
reference alternative with no waste and the heat surplus in the other
alternatives. This is due to the assumed existence of a large heat market,
which can use the full heat from CHP, also during summertime.
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Table 31 Fuel consumption and net electricity export with the different WtE
alternatives when moving 4 P] in 2050

TWh/year Total fuel Biomass  Waste Wind ChEl H2 ek
RE export
Reference 119,84 75,82 0 34,30 9,72 12,23 3,45
Incineration 122,08 67,69 10,38 34,29 9,72 12,25 4,47
Co-combustion 121,84 67,45 10,38 34,29 9,72 12,25 4,36
RDF 121,92 67,53 10,38 34,29 9,72 12,25 4,36
BiogasCHP 122,41 68,02 10,38 34,29 9,72 12,25 4,38
BiogasCHP+ 122,71 68,32 10,38 34,29 9,72 12,25 4,37
BiogasTransport 122,46 68,07 10,38 34,29 9,72 12,25 4,37
BiogasTransport+ 122,82 68,43 10,38 34,29 9,72 12,25 4,37
Syngas 122,01 67,62 10,38 34,29 9,72 12,25 4,36
Syngas+ 122,76 68,37 10,38 34,29 9,72 12,25 4,35
Biodiesel 122,94 68,55 10,38 34,29 9,72 12,25 4,37
BioEthanol 122,09 67,70 10,38 34,29 9,72 12,25 4,38

The highest resource consumption is found in the Biodiesel alternative.
Apart from the reference, in which no waste is used for energy purposes,
this is also the alternative with the highest biomass consumption, as can be
seen in Figure 39. The lowest biomass consumption occurs in the Co-
combustion alternative. The Reference is also the alternative with the
highest wind power integration, due to the higher flexibility of the system
which does not have waste utilisation. No differences are found in the
utilisation of wind power, other RES and H2 of the remaining alternatives.
All alternatives export more than the Reference. Only minor differences are
found with regard to net electricity export of the other alternatives, apart
from the Incineration alternative which results in the highest net export.
One may expect that the system is forced to export due to lower flexibility,
but as the income based on electricity trade is also the largest among the
alternatives, this is not the case.

To compare the alternatives, a cost of reducing biomass consumption has
been calculated. The results are illustrated in Figure 41.
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Figure 41 Biomass reduction cost when moving 4 PJ waste in 2050

The lowest biomass reduction cost is found in BiogasCHP+ with 40
DKK/TWh or 11 DKK/GJ of biomass. The costs of the other biogas
alternatives are similarly low. The Incineration, Co-combustion, RDF,
Syngas and Bioethanol alternatives follow with CO2 reduction costs
between 82 and 98 DKK/TWh. The highest reduction costs are found in the
Biodiesel and Syngas+ alternatives. Compared to a biomass cost of 54
DKK/G], even the highest biomass reduction cost of 194 DKK/TWh is,
however, feasible.
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Figure 42 CO; reduction cost when moving 4 PJ of waste in 2006. The cost of
Incineration is almost 20000 MDKK/Mt CO- and is cut off.

When comparing the biomass reduction costs of moving 4 PJ of waste in
2050 (Figure 41) with the CO2 reduction costs of moving 4 P] of waste in
2006 (Figure 42), some of the results are similar. First of all, the Biogas
alternatives seem promising in both scenarios. The Biogas+ alternatives
result in negative CO reduction costs in 2006, and in 2050, the Biogas
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alternatives are the cheapest in terms of biomass reduction costs. It may
therefore seem like a good idea to invest in the capacity to produce
manure-based biogas for CHP or transport today. If, in the future, the
manure resource is utilised, it may still be economically feasible to invest in
biogas production capacity to digest sorted organic household waste.

The Syngas alternative also seems feasible in both scenarios with high
negative CO2 reduction costs in 2006 and medium biomass reduction costs
in 2050. This does, however, depend on the development of the relevant
technologies, as previously mentioned. The Syngas+ alternative does, on
the other hand, not seem to be a feasible technology to rely upon when
considering COz reduction or biomass substitution. In 2006, it does not
produce a COz reduction and, in 2030, it has the highest biomass reduction
cost bordering the expected cost of biomass.

Improved incineration is a very costly way of reducing COz emissions in
2006. However, if, in the future, an amount of waste which is not
incinerated can be found, improved incineration will provide a feasible
solution to substituting biomass. Co-combustion and RDF, on the other
hand, present considerable CO2 reduction costs in 2006, but feasible
biomass reduction costs in 2050. As mentioned before, Co-combustion
may, however, not be an option in 2050, as it requires large-scale biomass
combustion. Dedicated RDF plants are comparable but their reduction
costs are slightly higher than the biomass reduction costs achieved with
Incineration.

80



Sensitivity analyses

6 Sensitivity analyses

Four sensitivity analyses have been made to examine the sensitivity of the
results with regard to fuel prices, CO; quota prices, interest rate,
investment costs, efficiency, and waste prices. The sensitivity analyses have
been made of the scenario of moving 4 PJ in 2006.

Compared to the scenario of moving 4 PJ] in 2006, the fuel cost has been
increased by 20% to a level around 119 USD/bbl in order to test the
sensitivity of the results to this parameter. This is also the alternative
tested in the base forecast of the Danish Energy Authority [97]. The
electricity price on the Nordic Energy Market can be expected to rise
together with the fossil fuel price and, hence, the electricity price has also
been increased, for simplicity also by 20% to 434 DKK/MWh. This is done
in order to ensure that the system does not simply import cheap electricity
to compensate for high fuel prices.

Secondly, the CO2 quota price has been increased to 225 DKK/t CO». This is
also the CO2 quota price expected by the Danish Energy Authority from
2013 [97]. Thirdly, the interest rate has been checked. In the socio-
economic analyses presented here, an interest rate of 3% has been used.
The sensitivity of changing the interest rate to 6% has been examined.

Furthermore, as the investment costs of the non-commercial WtE
technologies are associated with great uncertainty, the investment costs of
the syngas and the bioethanol solutions have been compared to the
investment costs of other sources, which results in an increase in the
syngas and a decrease in the bioethanol investment cost. The figures can be
seen in Table 32.

Table 32 Investment and Operation and Maintenance Costs as well as availability
and lifetimes for 4 PJ

WHE technologies Investment O&M I:t:lizliilt_y Lifetime Year Source
Reference costs MEUR/PJ % % Years

Syngas 50.9 4 80 20 2010-20 [63]
Bioethanol 65.0 10 98 20 2006 [45]
Alternative costs

Syngas 116.7 4 80 20 2006 [64]
Bioethanol 29.0 10 98 20 2010-20 (63]

As the efficiencies of the technologies under development are also highly
uncertain, sensitivity analyses have been performed for these. For Syngas
the efficiency of liquefaction has been reduced in accordance with
Goudiraan et. al [116] and the efficiency of gasification has been slightly
raised in accordance with the European Well-to-Wheel study [63] resulting
in a combined efficiency decrease of 22%. For BioEthanol the efficiency of
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fuel production has been raised to 45% at the cost of producing biofuel for
CHP, in accordance with production of bioethanol from straw in the Well-
to-Wheel study [63]. A sensitivity analysis has also been introduced for
Cocombustion. Here the efficiency of the coal power plants is reduced by
1% point due to use of electricity for pre-treatment [94] and assuming that
the heating value of the remaining waste fraction drops 4 M]/kg, the
efficiencies of the remaining waste incineration plants decrease with 3%
points, and the CB value is decreased by 0.02 [117].

Finally, another important factor is the cost of the different waste fractions.
As mentioned before, these figures are very uncertain as, in many cases,
there is no larger market established for the fractions and prices depend
on local conditions and treatment capacities. To assess the sensitivity of
the results to the costs of the waste fractions, an analysis has been made in
which an amount of 30 DKK/GJ has been added and subtracted from the
price of the waste fraction used for the respective technologies. For RDF
the decrease results in a price of 9 DKK/G]J, which represents a negative
cost combined with a moderate expense for pre-treatment and extra
transport.

The operation of the energy system only changes when the fuel prices and
the CO2 quota prices change. It does not change when alternative interest
rates or investment costs are introduced. The fuel consumption of the
alternative varies a little, but the figures of the changes in CO2 emissions
are corrected for electricity trade and for CO; reduction costs.

66

64

62 1

58 1 CO2 emissions

W CO2 emissions (Fuel price)
M CO2 emissions (CO2 price)

Mt/year

Figure 43 CO; emissions for the different technical alternatives with increased fuel
prices and increased CO; quota prices

82



Sensitivity analyses

As it can be seen, the ranking of the alternatives has a low sensitivity to
changes in fuel prices and CO2 quota prices. In all cases, the alternative
with the highest CO; emissions is the Syngas+ alternative, whereas the
alternative with the lowest CO2 emissions is the BiogasTransport+

alternative.

TWh
IS
i

Reference

RDF

Syngas

Syngas+

Incingration

Cocombustion

BiogasCHP

BioggsCHP+

ogasTransport

gasTransport+

Bigdiesel

BioEthanol

—&— Import
—&— Import (Fuel price)
—4&— Import (CO2 price)
—&— Export
—&— Export (Fuel price)
—l- Export (CO2 price)

Figure 44 Electricity trade with the different technical alternatives compared with

increased fuel prices and increased CO; quota prices

With regard to electricity trade, it is obvious that the import increases and
export decreases considerably when the CO2 quota price in Denmark
increases, whereas the opposite is true when the fuel prices and the
electricity price on NordPool rise. Only small differences can be found in
the overall electricity trade between the alternatives, as only marginal

amounts of waste are moved.
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Figure 45 CO; reduction price for the technical alternatives which reduce CO:
emissions, with increased fuel prices, increased CO; quota prices, increased interest
rate and changed investment costs for syngas and bioethanol

When comparing the COz reductions in Figure 45, it can be seen that the
Bioethanol alternative only results in CO; emissions in the scenario with
high fuel and electricity prices. Apart from that, the results demonstrate a
low sensitivity to changes in fuel price, COz quota price and interest rate,
whereas they are highly sensitive to changes in investment costs. The
Syngas alternative changes from representing savings in annual costs of
the energy system to a high increase in costs. The costs used for the
original analysis are for entrained coal gasifiers, which have large sizes and
hence lower costs per MW. Biomass gasifiers are typically smaller and
more expensive per MW. The high investment cost identified in the
sensitivity analysis may therefore be the most likely cost for the Syngas
alternative, whereas the investment costs used in the original analysis may
be the most likely for the Syngas+ alternative, which includes the use of
coal.

When checking the sensitivity to changes in efficiency, the decreased
overall efficiency of the Syngas plant results in increased CO2 emissions as
less oil is displaced and more coal is consumed. The same is the case for
Syngas+ which now results in an even greater increase in COz emissions.
BioEth on the other hand now results in a decrease in CO2 emissions.
Although less coal is displaced for CHP, more oil is displaced. The CO;
reduction cost is however almost 2.5 times the reduction cost of
Incineration. With regards to co-combustion the decrease in efficiency now
results in a net zero decrease in CO2 emissions illustrating high sensitivity
to minor changes in efficiency.
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Figure 46 CO; reduction prices in situations with high waste prices (+30 DKK/G])
and with low waste prices (-30DKK(GJ) compared to the reference prices.

As can be seen in Figure 46, the results are highly sensitive to changes in
waste prices. Particularly the Syngas and Incineration alternatives vary
considerably with variations of almost 22500 DKK/t CO; in reduction
prices. Syngas varies between highly positive and highly negative CO>
reduction costs. BiogasCHP also varies between positive and negative CO>
reduction costs although with lower variation. BiogasTransport+ has low
variations and remains with negative CO2 reduction prices, as the only
alternative.
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7 Recommendations and conclusions

Which technology to choose, when converting unrecyclable waste into
energy, depends on the objectives of the decision-maker. When analysing
the influence of the various technologies on the Danish energy system in
2006 and in a renewable energy future, two parameters are chosen: the
COz or biomass reduction potential and the costs related to the reduction.

With regard to the total CO2 reduction potential, BiogasTransport+ gives
the best results and only Syngas+, BiogasCHP and BiogasTransport result
in increased emissions.

Assuming that coal power plants with an electrical efficiency of 40%
supplies the marginal electricity when exporting, and thus subtracting the
CO2 emissions due to export, Syngas+ becomes the best alternative. This
illustrates the fact that determining the marginal electricity production
unit on the Nordic electricity market is important, if the aim is to
determine which technology emits least CO2, considering the internal
consumption of energy.

When looking at year 2050, on the other hand, RDF and Co-combustion
provide the highest biomass substitution, closely followed by Syngas,
Bioethanol and Incineration. The Biodiesel, Syngas+ and Biogas+
alternatives provide least biomass substitutions.

Taking economy into account, the analyses show that biogas and syngas
plants are interesting alternatives to waste incineration. In today’s energy
system, the utilisation of organic waste in manure-based biogas production
provides a negative COz reduction cost; i.e. today, it is a cheaper solution
than incineration and it provides a CO2 reduction. It seems less important if
the biogas is used for transport or CHP. When comparing these two
alternatives, the use of biogas for transport provides the largest CO-
reduction, while biogas used in CHP production gives the lowest CO>
reduction cost. However, if anaerobic digestion of waste does not facilitate
the use of manure, the results change and the biogas plants have increased
COz emissions. In a future 100% renewable energy system, biogas
production is also a feasible solution providing the cheapest biomass
reduction costs, even without manure.

The results concerning biogas are supported by the conclusions of other
studies. Other studies show that biogas may be as good a solution as
incineration or even a better alternative, depending on the concrete design
of the system. It is here concluded that, in today’s energy system, biogas
production reduces CO2 emissions only if this production also leads to an
increased anaerobic digestion of manure.

Syngas plants provide the lowest COz reduction cost in today’s energy
system, when it is assumed that co-gasification with coal is not necessary.
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If the waste is co-gasified with coal, total CO; emissions increase. Currently,
plants which co-gasify waste with other resources are, however, only at the
developmental stage and the gasification of waste alone is even further
from becoming a commercial technology. In a 100% renewable energy
future, Syngas with gasification of only waste provides a biomass reduction
cost only slightly higher than that of incineration and still lower than the
expected biomass cost. This alternative can also represent co-gasification
of waste with biomass, in which waste replaces biomass in an existing
biomass gasification plant.

If focusing only on CO2 emissions related to domestic electricity
consumption, the Syngas+ alternative provides the largest CO2 reduction.
This large difference in results illustrates the significance of determining
the marginal electricity-producing unit correctly.

If the current resource potential is fully utilised, the BiogasTransport+
solution alone may contribute with a COz reduction of 3.1 Mt/year and the
Syngas with 0.9 Mt/year. Even higher CO; reductions may be achieved by
combining several technologies, as they do, to some extent, utilise different
waste fractions. Furthermore, a significant reduction in other greenhouse
gases occurs due to reduced emissions of methane and nitrous oxide
achieved by spreading treated manure instead of raw. This factor is not
included in the analysis, as it is not part of the energy conversion stage. If
included, this factor will only support the conclusion of prioritising
manure-based biogas production.

Energy system analysis with hour-by-hour representation of demands and
production takes the flexibility of the various technologies into account.
Thus, it improves the results of the technologies which increase the
flexibility compared to the current system, partly in terms of changed
income from electricity trade, but also in terms of changed fuel
consumption and reduced CO2 emissions.

As Denmark is one of the countries in the world with the highest wind
power share in the electricity production, one of the highest shares of CHP
as well as one of the highest shares of waste incineration, it is an
interesting case to analyse. Many countries are moving in the direction of
Denmark with regards to wind and district heating and considering how to
treat their waste in the future. They can learn from analyses of Denmark
with regards to e.g. which challenges their energy system may face. In
countries with little heat demand or little coverage with district heating the
WHE technologies which produce transport fuel or high degrees of
electricity will be the most feasible.

The conclusions are mainly sensitive to changes in investment costs, waste
resource prices and efficiencies and special attention should therefore be
given to these parameters e.g. when performing feasibility analyses of
projects, particularly for immature technologies and markets. The largest
uncertainty about investment costs is related to the technologies which are
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yet at the development stage, such as Syngas and Bioethanol. There is, in
particular, uncertainty about the waste resources, which do not have a well
developed market. High sensitivity is found for the Incineration and Syngas
alternatives and low sensitivity for BiogasTransport+. High sensitivity is
also found when changing efficiencies of Syngas (decrease in total
efficiency), Bioethanol (higher transport fuel production and no CHP) and
Co-combustion (low decrease in efficiency at coal power plants and at
remaining waste incineration plants). To assess whether the conclusions
are also valid from a broader environmental perspective, the results
regarding fuel substitution can be used for detailed life cycle assessment.

In general, the study shows that there is potential in using waste for the
production of transport fuels from an energy system perspective. Unless
the processes facilitate anaerobic digestion of manure or gasification of
waste alone (which is a technology that still has to be developed) it is,
however, an expensive solution compared to the current incineration. If
the technologies are compared to other technologies producing biofuels
they may, however, prove superior from an environmental, resource and
economic perspective.

The second best solution seems to be to improve the electrical efficiency
and the flexibility of the energy system by sorting out RDF and co-
combusting it with coal or burning it in a dedicated RDF plant. The
combustion of coal in existing large-scale power plants must, however,
take place in order for Co-combustion to be a feasible alternative. It is
doubtful whether more coal-fired power plants will be built in the quest for
a 100% renewable energy future and Co-combustion should therefore be
regarded a short-term initiative, e.g. to overcome the lack of incineration
capacity. When considering the investment in new plants, dedicated RDF
plants provide a higher CO2 reduction and a lower CO2 reduction cost than
new incineration plants. RDF does, however, only constitute 19% of the
waste which is currently incinerated.

As a significant fraction of mixed waste will still be left no matter which
alternative is chosen, waste incineration will still form part of the solution
when converting waste to energy in the future. Today, the Incineration
alternative is an expensive solution in terms of reduced COz, but it
represents the replacement of existing waste incineration plants only with
the aim of improving efficiency. If the plants are replaced when needed due
to age or lack of capacity, the solution will not be nearly as expensive. In a
100% renewable energy future, waste incineration appears to be
marginally cheaper in terms of biomass reduction than the Co-combustion
and RDF alternatives.

To sum up, a recommendation to decision-makers could be to support
investments in utilisation of sorted organic household waste for biogas
production today if this facilitates anaerobic digestion of manure. In the
future biogas based on sorted organic household waste also appears to be a
cheap way of saving biomass. Investments in infrastructure etc. facilitating
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this technology therefore appears to be beneficial also in the future. For
paper and plastic a feasible option may in the short run be to co-combust in
existing coal fired plants or in dedicated RDF plants. For the longer run it
can be recommended to support research into gasification of both organic
waste, paper and plastic without addition of coal or biomass. The
remaining incinerable waste fractions should be incinerated in increasingly
efficient and flexible waste incineration plants.
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Appendix A

Appendix A - Syngas Module in EnergyPLAN

The model is operated with market economic regulation, which is based on the
principle that if the marginal production cost of producing electricity is lower than the
market price (in competition with all the other units) the Syngas plant will produce the
maximum amount of electricity possible otherwise it will produce the maximum amount
of biofuel for transportation.

Input

e Fgri-waste - Annual amount of Waste input (TWh/year)
®  Fgri-coal - Annual amount of Coal input (TWh/year)
®  Fgri-Biomass - Annual amount of Biomass input (TWh/year)

®  fGri-Biofuel - Annual production of biofuel (TWh/year)

®  UWcrLmi - Electric output module 1
®  Pgrimi - Thermal output module 1
®  MNgcrum1 - Biofuel output module 1
®  Wcrim2 - Electric output module 2
®  Pcri-mz - Thermal output module 2

®  TerL-m2 - Biofuel output module 2

®  Pyoceri-mi - Variable operation costs in module 1 (DKK/MWh fuel)
®  Pyoceri-mz - Variable operation costs in module 2 (DKK/MWh fuel)
®  Puynirgrs- Investment pr. Unit (Mio.DKK/TWh fuel)

® ngrL - Lifetime of Investment (Years)

®  Proccri- Fixed operation costs (% of investment/year)

e VOC - Variable operation costs (DKK/MWh)

Output:

e  Aqer.-Change in heat production (MWh)

e Aegr - Change in electricity production (MWh)
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e MC - Marginal costs (DKK/MWh)
Initial calculations
The fuel input is defined by the annual amounts and the distribution of waste input. All

three fuel inputs (coal, biomass and waste) are following the same distribution.

ForL-Total = ForL-waste + FaTL-coal + FGTL-Biomass

The hourly fuel input (Feri-tota) is found by using the hourly distribution of waste

(Owaste) specified in the waste input tab sheet.

ferL-Total = FerL-Total * 6Waste / Z8Waste

Based on such input the Syngas plant can choose between the modules of operation
defined by the input efficiencies.
e Heatis supplied to the district heating system of larger city areas
¢ Biofuel is replacing fossil fuel (e.g. petrol) for transportation
e Electricity is supplied to the public grid
Initially the plant is set to operate according to module 1
The marginal cost of increasing electricity production by operating the plant in module
2 instead of 1 is calculated in two situations. One in which the heat replace heat from the

boiler (B3) and one in which it replaces heat from CHP3.

In both situations the change in variable operation costs (AVOC), the decrease in
Biofuel production (Afgrr-petrol) and the cost of not producing Petrol (ACostpetrol) is:
AVOC = (Pyoc-cri-mz - Pvoc-ari-m1)
Aferrpetrol = FerL-Total * (MerL-M1 - NoTL-M2)
ACostpetrol = Aferrpetrol * (Ppetrotwm + CO20i * Pcoz-trade)
In the case of replacing boiler heat production the saved costs are calculated as follows:
Aqer = ForL-ota * (PerL-m2 - PerLmi)
AFg3 = AqerL / Ps3

ACostyeat = AFp3 * (Pruei-B3 + CO2p3 * Pcoz-trade) + VOCg3 * Aqgr
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The increase in electricity production and the marginal costs are then found:
AegrL = Fr-Total * (MerTL-M2 - NeTL-M1)
MCincerLdecss = (AVOC + ACoStpetrol - ACOStHeat) / Aegri

In the case of replacing CHP3 heat production the saved costs are calculated as follows:

AFcup3 = AqerL / Penes

Aecnps = AFchps * Mcups

ACostyeat = AFcups * Pruelcips + VOCcrps * Aecips

The increase in electricity production and the marginal costs are then found:

MCincetrdeccrps = (AVOC + ACoStpetrol - ACOStyeat) / (Aecrr - Aecnps)
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