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Introduction

Under the provisions of the Kyoto Protocol, many countries have made commitment to limit their greenhouse gas emissions compared to the
1990 level. Carbon dioxide is the main major pollutant causing climate change and one method to reduce carbon dioxide is to capture and store it
into underground reservoirs. Carbon dioxide (CO;) sequestration or "storage" is the storage of carbon dioxide (usually captured from the
"atmosphere") in a solid material through biological or physical processes [1]. Carbon dioxide can be captured as a pure by-product in processes
related to petroleum refining (upgrading) and power generation [2]. Carbon dioxide sequestration can then be seen as being synonymous with the
"storage" part of carbon capture and storage, a term which refers to the large-scale, permanent artificial capture and storage (sequestration) of
industrially-produced CO; using subsurface saline aquifers, reservoirs, ocean water, or other sinks. It has been proposed as a way to mitigate the
accumulation of greenhouse gases in the atmosphere released by the burning of fossil fuels.

The objective of this article was to develop a calculation scheme for CO, transport by pipeline and to establish a streamlined life cycle
assessment of carbon dioxide transport by pipeline. In this article is presented analysis of only two blocks of CO; storage and capture system.
This article takes into account methodology for analysis, by use of calculation for a CO, flow rate equal to 1.0 Mtonne/year over a fixed distance
equal to 100km.

On LCA analysis is taken into account only the transport of CO; including the CO, compression power and CO, pumping power independently
from the pipeline thickness.

Deeper analyses could be performed for different lengths of pipeline and/or for difference flow rates. Pipelines thickness evaluation could also be
done in the aim to provide a cost analysis.

Methodology
Assessment method

Methodology includes four steps for analysis of impact to environment which includes human health, ecosystem quality, climate change and

resources.
e First step. Initial data for calculation. Statement of task and assumptions
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e Second step. Calculation of electricity consumption of transport system of CO,
e Third step. Calculation of electricity consumption of compressing of CO,

e Fourth step. LCA from viewpoint of power used for transport and compressing of COs.

To effectively meet the objective set above, we first calculate the optimal inside diameter of the pipeline, then the power requirement for
compressing (from gaseous form to either liquid or dense phase) and pumping carbon dioxide through the pipeline taken into account losses
equal to 10%/100km. Finally the environmental impact was calculated using the emission rates of electricity supply in Latvia as established by
[3]. Sensitivity analysis was carried out to check the robustness of the method used. The inside diameter of the pipeline was calculated using the
equation below number 1-3 [4]. The compression power requirement for each stage is given by the following equation (equation 4), which is
adapted from [5] and [6], the reader is referred to [7] for more details about equation 4. The power requirement for boosting the CO, is given by
equation 5 [5].

Initial data for calculations

In order to estimate the electricity power consumption of the process, including power for compression and power for transport both, initial data
are needed. Because of at the moment there is a lack of quantitative information some initial assumptions are needed.
Since CO; exhibits unusual trends in its properties over the range of temperature and pressures that would be experienced in pipeline transport, it
is difficult to provide just one value for either density of viscosity, the reader is referred to [7] to have more details about CO, properties.
Consequently the following assumptions, including physical properties for CO, and efficiency parameters during compression and pumping
stages both, have been taken into account. Segment pipeline elevation changes and kinetic losses inside the pipeline have been considered
negligible.

— CO; mass flow rate to be transported, m = 1.0 Mtonne/year;

— Pipeline length, L=100km;

— Inlet pipeline pressure, pix=15.0MPa;

— Outlet pipeline pressure, poy=13.5MPa;

— Losses, 10%/100km;

— CO, viscosity in pipeline, p= 0.,1 kg-sec/m;

— CO, density in pipeline, p= 630,0 kg/m’;

— Pipeline roughness factor, e=4.573-10”m;

— Number of compression stage, Niage=5;

— Isentropic efficiency of compressor, 1is=0.75;

— Efficiency of pump, n,=0.75.

— No kinetic losses (AU=0);

— No potential energy losses (Ah=0).

Calculation of pipeline inside diameter

Calculation of optimal diameter is an iterative process based on an energy balance on the flowing CO,, where the required pipeline diameter for a
pipeline segment is calculated while holding the upstream and downstream pressures constant [7]. On LCA analysis reported on this article is
taken into account only the transport of CO, independently from the pipeline thickness, nevertheless evaluation could also be examined in the
aim to provide a cost analysis.

The following formula (equation 1-3) explain the optimal diameter depending on: mass flow rate, density, pressure drop in the pipeline, pipeline
length, friction and roughness factors.

D= M.l(f 1
| zp(AP/L) M

where:

m = mass flow rate ;
p = density of CO, compressed,
AP = pressure drop in pipeline ;
L = pipeline lenght;
F¢= Fanning factor;

F, = 1 @)

' 6,91 (12-(e/D))" 2
4. ~18log, { &1, [12:(¢/D)
Re 3,7

¢ = Pipeline roughness factor;
Re = Reynolds number;
D = pipeline diameter;
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Re = 7D (3)
With reference to the assumptions previously reported, for the calculation of diameter, the specific following assumptions were made:

CO; mass flow rate to be transported, m = 1.0Mtonne/year; pipeline length, L=100km; inlet pipeline pressure, pin=15.0MPa; outlet pipeline
pressure, pouw=13.5MPa; Losses, 10%/100km; CO, viscosity in pipeline, p= 0.1 kg'sec/m; CO, density in pipeline, p= 630,0 kg/m’; pipeline
roughness factor, e=4.573-10m; no kinetic losses (AU=0); no potential energy losses (Ah=0).

The analysis shows an optimal inside diameter approximately equal to 0.05m.

Calculation of power requirement for compression of Carbon Dioxide for each compression stage

Equation 4 together with equation 5 represent the base to make LCA analysis because, depending from a certain fixed number of parameters,
they provide an estimation of the total power consumption and consequently evaluate the emission occurring on the examined process.
The compression power requirement for each stage stage (Wi;) is given from the next equation 4 with reference to [7] where the following five
step of compression are assumed due to the unusual behavior of CO; properties:

- stage of compression 1: pressure range 0.1-0.24 MPa;

- stage of compression 2: pressure range 0.24-0.56 MPa;

- stage of compression 3: pressure range 0.56-1.32 MPa;

- stage of compression 4: pressure range 1.32-3.12 MPa;

- stage of compression 5: pressure range 3.12-7.38 MPa.

mZ RT, \( k, bl
e s e .

where:

m=1000Mtonnes/year

R = perfect gas constant = 8.314 kJ/(kmol K)

M = molecular weight of the fluid = 44,01 kg/mol

T, = 40°C;

Nis = 0.75,

ks = average ratio of specific heat of CO, for each individual compressor stage;

CR = optimal compression ratio for each stage by Mohitpour = (Peutoff/Pinicial) 2
Nitage = number of compression stages = 5;

Peut-off = pressure at which compression switches to pumping=7.38MPa;

Pinitial = 1nitial pressure at each stage of compression (see ANNEXE).

Calculation of power requirement for transport of Carbon dioxide

The equation 5, depending from a certain fixed number of parameters, provides an estimation of the power required for CO, transport. On the
final calculation shown in the paragraph 3 losses equal to 10%/100km are included.

m:- .= .
Wp = (p‘flnal pcut_off) (5)
P,

where:

Peut-off = pressure at which compression switches to pumping;
Prinal = final pressure before inlet pipeline;

p= CO, density in pipeline = 630.0 kg/m’;

np = 0.75.

Life cycle assessment (LCA)

The ecological assessment of carbon capture and storage is done via a life cycle analysis (LCA). An LCA assesses the resources consumptions
and the emissions occurring along the whole life cycle of a product that means the extraction of raw materials, their processing, the material’s
transport, the manufacture of the product its use, dismantling, and disposal. While the Standard ISO 14040 [8] state extended requirements on
LCA including and external review process, in this work, only a screening LCA is carried out. Full LCA requires more detailed data which are
not all available at the time this work is be carried out. The energy use for compression and transport of carbon dioxide is modeled as a material
and material flow network using the data for eco-indicator of power supply in Latvia as established by [3].
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Results and discussion

The results of electricity consumption calculated using the above formula are shown in table 1. It can be seen from table 1 that the compression
stage represents the 92% of the total power consumption while the transport of CO, along the pipeline consumes about 8% of the total electricity.

Table 1.
Power rate and power consumption for compression and transport
POWER
Stages POW[IIE(SV?ATE CONSUMPTION
[kWh]
Compression 6729.2 161500.7
Transport
(10% losses incl.) 612.0 14689.2
Total 7341.2 176189.9

The results of the environmental impacts obtained by applying IMPACT 2002+ [9] to life cycle inventory (per tonne CO, capture) for the carbon
capture and sequestration plant are presented in Figure 1. It can be seen that resources and climate change cause the dominating environmental
effects. The total damage of carbon capture and storage is 4785 pPt' , where one point is the unit of environmental penalty and represents the
average damage in Europe per person and year. More in detail, the damage derives from resources for 37%, from climate change (30%), from
human health (21%) and from ecosystem quality (2%). It has to be kept in mind that these impacts represent the ecological effects arising from
compression and boosting stages. Article presents methodology and approach for environmental analysis. More accurate evaluation of ecological
effects of carbon capture and storage is needed. The system boundary should be expanded to include other processes such as capture and
injection processes.
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Figure 1. Ecological profile of the carbon capture and storage processes

The above results assume that the power source for compression and transport of CO, come from Latvian grid. To analyze the impact of
electricity source on the ecological effect of carbon capture and storage, a sensitivity analysis was performed on the electricity source. The
sensitivity analysis shows that the power source influence significantly the total ecological effects as well as the impacts in all four damage
categories. Indeed for a total power consumption of 64.3 kWh/kg CO, the total ecological effects increase by 147% from 4785 Pt to 11830 pPt
when the European average mix (UCTE) is chosen as source of power supply (table 1). This increase doubles, respectively triples the impacts in
damage categories resources and climate, respectively and human health and ecosystems quality (Figure 2).

Table 2.
Energy consumption and emissions
CATVIA UCTE
pPYkWh pPttonnesCO, [%] uPtkWh pPt/tonnesCO, [%]
Human Health 15.624 1004.8 21.0 47.00 30225 25.6
Ecosystem quality 1.488 95.7 2.0 7.24 465.6 3.9
Climate Change 2232 1435.4 30.0 52.00 3344.1 283
Resources 34.968 22488 47.0 77.70 4996.8 42.2
tot. 74.4 4784.6 100.0 183.9 11829.1 100.0

Therefore a good chose of electricity source can help to reduce the ecological effect of carbon capture and storage.

" Based on IMPACT 2002+ v2.1 [6], 1 Point represent 0,0071 DALY, 13700 PDF.m?.yr, 9950 kg CO, eq. and 152000 MJ for Human Health, Ecosystem Quality, Climate
Change and Resource consumption respectively
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Figure 2. Sensitivity analysis on the choice of power source

Conclusion

This analysis shows that total ecological effects of carbon dioxide capture and storage is 4785 uPt for a pipeline with a length of 100km, a mass
flow rate equal to 1.0 Mtonne/year and losses equal to 10%/100km. Resource consumption and Climate Change are the main contributors of
these total ecological impacts (77%).

Deeper analyses could be performed for different lengths of pipeline and/or for difference flow rates involving diameter estimations. Pipelines
thickness evaluation could also be done in the aim to provide a cost analysis.

Further work is necessary to properly assess the environmental impact of carbon capture and storage technology.
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Djomo S.N., Romagnoli F., Gusca J., Blumberga D. Vai CO2 saspieSana un iesitknéSana ir videi draudziga

Saskana ar Kioto protokold minétiem atzinumiem, ir nepieciesams ieverojami samazindat oglekla dioksida (CO2) emisijas, lai mazinatu klimata parmainu ietekmi.Oglskaba
gaze ir galvenais piesarnotdjs, kurs izraisa klimata izmainas un viena no oglskabas gazes samazinasanas metodem ir ta uztverSana un noglabasana pazemes kratuvés. St
tehnologija ir uzskatama par tehnologiju, kas nakotné spés ieverojami samazinat CO2 emisiju nonaksanu atmosfera. St raksta mérkis ir izstradat aprékina shému oglskabas
gazes transportesanai pa caurulvadiem un veikt dzives cikla novertejumu (DCA) oglskabas gazes transportéSanai pa caurufvadiem . Dzives cikla analizes laika tiek novérteéti
resursu patérips un emisijas, kuras rodas produkta pilna dzives cikla laika; lai gan Saja darba tiek veikts tikai dzives cikla parskats, jo pilnai dzives cikla analizei ir
nepieciesama papildus informacija, kas uz raksta izstrades laiku vél nebija pieejama. Saja raksta ir paradita dzives cikla analize tikai diviem posmiem no CO2 uztversanas un
uzglabasanas saimniecibas. Darba metodika balstas uz pienémumiem, ka oglskabas gazes pliisma ir viendda ar 1.0 Mtonna/gada , pie noteikta transportésanas attaluma
100 km.Nakotné peétijumu ir japapildina ar precizaku datu vaksanu, lai veiktu pilnu dzives cikla novértéjumu pie dazadiem caurufvadu garumiem, CO?2 plismu, biezumu
novértejumu un izmaksu analizi. Turpmakais darbs varétu biit nepieciesams oglekla dioksida uztversanas un uzglabasanas pareizai vides ietekmes novertesanai.

Djomo S.N., Romagnoli F., Gusca J., Blumberga D. Is CO, compressing and piping environmentally feasible

Under the provisions of the Kyoto Protocol large reductions in carbon dioxide (CO;) emissions are needed to to mitigate the impacts of climate change.Carbon dioxide is the
main major pollutant causing climate change and one method to reduce carbon dioxide is to capture and store it into underground reservoirs. Carbon dioxide (CO,)
sequestration or "storage" is the storage of carbon dioxide (usually captured from the "atmosphere") in a solid material through biological or physical processes. This
technology seems to be the most effective for a large future reduction in CO, emissions.The objective of this article was to develop a calculation scheme for CO, transport by
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pipeline and to establish a streamlined life cycle assessment (LCA) of carbon dioxide transport by pipeline. An LCA assesses the resources consumptions and the emissions
occurring along the whole life cycle of a product; in this work, only a screening LCA is carried out cause full LCA requires more detailed data which are not all available at
the time this work is be carried out. In this article is presented analysis of only two blocks of CO, storage and capture system.This article takes into account methodology for
analysis, by use of calculation for a CO, flow rate equal to 1.0 Mtonne/yvear over a fixed distance equal to 100km.Future researches should include collection of more specific
data for a more detailed and complete LCA, different lengths of pipeline for difference flow rates, thickness evaluation and cost analysis. Further work could be necessary to
properly assess the environmental impact of carbon capture and storage technology.

Jocomo C.H., Pomacnonu @., Tywa 10., baymoébepza /. Bnusaem au Ha cpedy corcamue u 3akauyusanue CO2
Coenacno 3axnouenusm Kuomckozo npomoxona, HeodXo0umMo 3HA4UMENbHO CHUSUMb GbIOPOCHL OUOKCUOA Yelepood, YmoObl YMEHbWUUMb GIUAHUE HA USMEHEeHUe KIUMamd.
Venexucnvlii 2az enasnviii 3aepsizHumeins, KOMOPblll GbI3bIEACHT USMEHEHUsl KIUMAMA U OOUH U3 MEMO008 YMEHbUEHUsL Y2IeKUCTIO20 2a3d MO VIAGIUGAHUe U XPAHEeHUe 8
NOO03eMHBIX XPAHUAUWAX. DMa MeXHOI02Us CHUMAEemcss mexHoio2uel, Komopas 6 0yoyujem cmoxcem 3Hauyumenvuo ymenovuwums nonaoanue CO2 6 ammocgepy. Llenw
cmamovu paspabomams cxemy paciema 0 MPAHCROPMUPOBKU Y2IeKUCI020 2A3a NO MPYOORPOBOOAM U NPOBECTU AHANU3 IHCUHEHHO20 YUKILA OISl MPAHCIOPMUPOSKU
VeREKUCTI020 2a3a no Mpybonpogooam. Bo epems ananuza JcusHeHHO20 YUKIA OYEeHEeHO nompebiieHue pecypcos U IMUCCUU, KOMOPble NOSIBUNUCH B0 GPEMS BCE20 HCUZHEHHO20
Yukna;, xXoms 6 3Mou pabome pearu308aH MOIAbKO 0030p IHCUSHEHHO20 YUKAA, NOMOMY 4o OIS NOAHO20 AHANU3A HCUBHEHHO20 YUKIA HeOoOX00UMA OONOIHUMENbHAS
unpopmayus, KOMOpas Ha MOMEHmM HANUCAHUA cmambvy He Oblla 0OCMYNHA. B cmamve noxazam ananu3s dHCUSHEHHO20 YUKAA MOALKO 0I5l O8YX IMANO08 U3 CUCTHEMbL
yaasnueanus u xpauenus CO2. Memoouxa pabomvl 0CHOBbIBAEMC HA NPEONONONCEHUSAX, UMO NOMOK Yenekuciozo eaza paeew 1.0 Mmouna/zo0, npu onpederénnom
paccmosnuu mpauncnopmuposku 100 kum. B 6yoywem ucciedoganue Hado NONOIHUMb OOJlee MOYHbIM COOPOM OAHHBIX, YMOObL MONCHO ObLIO Obl COENAmMb NOJHYIO OYEHK)
JHCUBHEHHO20 YUKIA NPpU pa3HOU Oune mpybonpoeodos, nomoxe CO2, oyenke cycmomol, u OYyeHKe lusiHue XPAHeHUs: Ha cpeody.
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