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Motto: “It is better to light a candle than curse the darkness.” (Chinese wisdom) 

 

The publication of the new issue of our journal coincides with Easter, the biggest 

Christian celebration, which is about our trust in the future and the self-sacrificing work 

performed to achieve this future, as well as renewal. The future of Earth is shaped by the 

current youth, while that of energetics is shaped by renewables. For this reason, one of 

the main objectives of our journal is to help young researchers with high-ranking 

publication opportunities and high-standard knowledge about the future’s energy. 

Therefore, it is a great feeling to dip into the fourth issue and to thank those who 

contributed either as editors, authors, reviewers or readers. I would like to strongly 

encourage anyone who is thinking about joining us in the future. 

Despite the energy saving measures currently in force, the increase of living 

standards calls for increasing amount of energy which appears mainly in developing 

countries. However, the energy consumption of the world increased only by 0.5% in 2014 

(to 575 EJ) in comparison with the previous year which was significantly exceeded by the 

increase of GDP (2.9% per year); therefore, specific energy consumption became much 

more efficient. At the same time, the difference of the spatial structure of production and 

use, the environmental protection issues caused by fossil energy resources and the fact 

that their extraction cannot be increased even in the mid-term pose serious problems. For 

this reason, sustainable development can only take place with the increased use of 

renewable energy which calls for the use of different procedures, technologies, and plant 

size in each country. In 2015, around 329 billion USD was invested into energy projects, 

but, according to IMF World Economic Outlook Update 2016 [1], in order to make the 

energy sector environmental friendly, at least 16,500 billion USD would need to be 

invested globally of the 68,000 billion USD which the countries of the world planned to 

invest into the energy industry until 2040 anyway [1]. Policymakers decide about sums, 

strategic and geopolitical interests which are almost impossible to comprehend. However, 

we, researchers, voters, and energy consumers are also able to make positive influences 

which we would like to do also with our journal by publishing new findings, objective 

data and conclusions. 

It is obvious that there will probably never be any energy resource that is cheap, 

energy-friendly, does not endanger the interests of any economic sector, has infinite 
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feedstock basis and end product market, while creating lots of new employment possibilities 

at the same time. For this reason, it is difficult to estimate which renewable energetic 

procedure will become widespread, as well as to what extent and how quickly. 

 The main feedstock of heat production – which is the cheapest and most widely used 

type of energy – will probably remain biomass in the future. Based on the currently 

prevailing forestry products – in order to guarantee the saving of arable land –, the 

significance of special energy plantations and by-products is expected to increase. The latter 

can mostly be used for local purposes which will result in the possibility of reducing 

energetic and transport losses. 

 In the mid-term, China is expected to use solar and water energy, Western Europe 

will use wind energy and the United States will use solar energy for electricity production 

purposes. The utilisation of waste heat produced by power plants can play an important role 

in the development of local communities (job creation, local taxes) in addition to energy 

efficiency by means of attracting heat energy-demanding industries. 

 In the fuel market, the spreading of next generation biofuels is expected to replace the 

economically and energetically most problematic first generation biodiesel within some years, 

as well as maize-based and eventually (in the long run) even sugar cane-based bioethanol 

production. As a consequence, the price of timber industry products and crop production by-

products will increase, as well as the price of feed as a result of disappearing first generation 

fuel by-products and there will be a notable increase of proportion of energy plantations in 

the field crop rotation. The advantage of the latter phenomenon could be the involvement of 

less favourable arable land into production, while a potential disadvantage is intensifying 

deforestation. 

 In my opinion, the only potential successful procedures are the ones which are 

able to solve waste- and carbon dioxide disposal at the same time in addition to energy 

production, the ones which can be operated in a closed systems (with no waste generation) 

and are able to produce various types of end products. Of these, the most promising 

alternatives may be the animal feed- or biodiesel-focused utilisation of algae species, 

produced with simplified (cheaper) PBR technologies, using flue gases and waste heat 

produced in wastewater-based biogas plants (or fossil power plants) - from the aspects of 

environmental protection, economics and novelty content. Furthermore, at the consumer 

level, I think that local public transport (buses) could be the first step of a wider range of 

using biofuels, since it would provide a possibility to use a significant amount of biofuel 

for masses of lower income people especially in city traffic, where pollutant emission 

appears in a concentrated amount and refuelling can be smoothly performed even if no 

countrywide fuel station system is established. 

 While oil contributed to the enrichment of Arab countries half a century ago, I think 

that the need for higher biomass productivity and sustainability in the future will primarily 

result in the flourishing of capital export to tropical countries.  

 As a matter of course, these are only general remarks and problems and looking 

for a solution always takes a specific set of circumstances. This is why we established our 

journal. Feel free to send us your manuscripts, opinions and suggestions and, if you think 
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our published papers deserve it, please recommend them to your acquaintances and cite 

us!  

 

 

REFERENCES  
[1] International Monetary Fund (2016) World Economic Outlook (WEO) Update, 

http://www.imf.org/external/pubs/ft/weo/2016/update/01/pdf/0116.pdf (accessed on 

04/02/2016)  

 

 

Article copyright: © 2016 habil Bai Attila. This is an open access article distributed 

under the terms of the Creative Commons Attribution 4.0 International License, which 

permits unrestricted use and distribution provided the original author and source are 

credited.  

 
 

 

http://www.imf.org/external/pubs/ft/weo/2016/update/01/pdf/0116.pdf
http://creativecommons.org/licenses/by/4.0/


Trends in Renewable Energy 
OPEN ACCESS ISSN: 2376-2144 

EDITORIAL   futureenergysp.com/index.php/tre 

 

 

*Corresponding author: mjzhu@scut.edu.cn               54 

Tr Ren Energy, 2016, Vol.2, No.2, 54-55. doi:10.17737/tre.2016.2.2.0021 
 

 

Biohydrogen Production from Waste Biomass  
 

Ming-Jun Zhu* and Huan-Na Lin  

 
School of Bioscience & Bioengineering, South China University of Technology, Guangzhou Higher 

Education Mega Center, China 

 

Received April 8, 2016; Published April 13, 2016 

 

 
Biohydrogen production from waste biomass has recently gained more attention. 

At the South China University of Technology, our research group focuses on 

biohydrogen production from waste biomass that is based on a consolidated 

bioprocessing strategy. Cassava pulp, paper sludge, sugarcane bagasse, and spent 

mushroom compost have all been demonstrated to be feasible feedstocks for hydrogen 

production with Clostridium thermocellum. Furthermore, co-culture of C. thermocellum 

and Thermoanaerobacterium aotearoense can enhance the hydrogen production [1]. 

Besides, our studies showed that surfactant PEG8000 and CaCO3 both have positive 

effects on the hydrogen production by C. thermocellum [2-4]. 

How does biohydrogen production from waste biomass catch our eyes and attract 

us to devote our efforts on it? With the rapid development of economy, all kinds of waste 

biomass produced every year are increasing. Recycle of waste biomass can avoid 

pollution following unsatisfactory disposal such as discard, landfill, and incineration in 

the field directly. Moreover, waste biomass as raw materials have no conflict with food 

supply. Thus, there is no doubt that biohydrogen from waste biomass is a promising 

environmentally friendly energy carrier for its high energy content, and its burning 

feature of producing only water as the by-product. Biohydrogen from waste biomass is 

renewable and has no contribution to environmental pollution and climate change, which 

are valuable for the current situation of increasingly serious energy and environmental 

issues in China and all over the world. Bioprocesses for hydrogen production from a 

variety of biomass materials even waste biomass are very promising in the near future. 

It is wonderful to produce biohydrogen from waste biomass, however, there are 

some barriers blocking us out of industrial production. Though the utilization of abundant 

waste biomass can lower the feedstock cost, the cost of biohydrogen production is still 

less competitive over traditional fuel oil. Furthermore, an inexpensive and simple 

pretreatment of waste biomass is needed for biohydrogen production. Technological 

barriers like hydrogen storage, compressor and distribution networks, lack of durable fuel 

cell technologies, and integration with the existing infrastructure remain to be overcome 

[5]. The significant problem of low hydrogen yield could be solved by metabolic 

engineering or co-culture of microorganisms with different advantages. Ideal 

biohydrogen production should meet the demand of high hydrogen yield and productivity 

simultaneously. 
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Appropriate bioreactor design, hydrogen production in non-sterile conditions, and 

feasible techniques for separation or purification of hydrogen are beneficial to practical 

application. It is important to take the application requirement into consideration, when 

we are busy in studying biological technologies to improve the hydrogen yield. Advances 

in optimized processes and technologies would bring us closer to industrially viable 

biohydrogen production from waste biomass. A comprehensive consideration on 

industrial feasibility and laboratory investigation would accelerate the large scale 

production of biohydrogen. 
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Recently, algae have been considered as the third-generation biofuel 
feedstock, which can be converted to the precursor chemicals of drop-in 
fuels via either the algal lipid upgrading (ALU) pathway or the 
hydrothermal liquefaction (HTL) pathway. These precursors could be 
further processed and upgraded to fuels. This article reviews the 
standards and protocols that are suitable for characterization of drop-in 
algal biofuels. Applicable ASTM standards and European standards (EN) 
were summarized. The protocols that have been used by researches and 
the National Institute of Standards and Technology were also introduced.  
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Introduction  

Algae are a big variety of photosynthetic organisms, while microalgae are 

prokaryotic or eukaryotic photosynthetic microorganisms that can grow rapidly and live 

in harsh conditions due to their unicellular or simple multicellular structure. It is 

estimated that more than 50,000 species exist, but only a limited number of algal species 

have been studied and analyzed [1]. Microalgae have the ability to mitigate greenhouse 

gases, and some species can accumulate oil with a high productivity, thereby having the 

potential for applications in producing the third-generation of biofuels [2].  

During the past decade, government agencies and the private sector had shown 

tremendous interests in algae related studies. Thus, the algal technologies for biofuels 

production have been greatly advanced [3]. The algal biofuel production cost was 

significantly reduced, and the advanced process options for the conversion of algal 

biomass into biofuels and bioproducts have been developed [4]. Currently, there are two 

approaches that were suggested by the US Department of Energy as the promising 

technologies for algal biomass conversion. The first approach is call the algal lipid 

upgrading (ALU) pathway, in which algal oils are extracted from the biomass via high-

pressure homogenization with hexane [5]. This approach was further improved by 

combining with a biological conversion route that converts carbohydrates in algae to 

ethanol. Therefore, an integrated biorefinery process for ALU pathway was established 

[6]. The second technique is via the hydrothermal liquefaction (HTL) pathway that 

produces a water-insoluble bio-crude oil by using treatments at high pressure (5-20 MPa) 
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and at the temperature range of 250-450°C [7, 8]. Other techniques, such as pyrolysis [9] 

and gasification [10, 11], were also applied for converting algae to biofuels. However, 

these techniques have not been extensively studied yet, because of their inherent 

problems.  

The products from ALU and HTL are crude algal oil and bio-crude oil, 

respectively. Due to the low selectivity of two pathways, both products contain impurities 

like heteroatoms, oxygenated compounds, and nitrogenated compounds. In order to 

synthesize algae-based drop-in fuels, it requires upgrading processes (such as cracking 

and hydrogenation) to improve the fuel quality [12]. This article reviews the standards 

and protocols that are suitable for characterization of algae-based biofuels. 

 

  

Standards and Protocols for Characterization of Algae-Based Fuels  
 Drop-in fuels, which are a mixture of different hydrocarbons, include gasoline, 

diesel, and aviation fuel (i.e. jet fuel). The hydrocarbons of gasoline contain typically 4-

12 carbon atoms (C4-C12), while diesel contains between 12 and 20 carbon atoms per 

molecule (C12-20) [13]. The molecules of the aviation fuel have a carbon number range 

of C8-C16 [14]. 

 Characterization of drop-in algae biofuels should follow the national or 

international standards. Gasoline (i.e. Unleaded petrol) is the fuel derived from petroleum 

that meets the requirements of the standards ASTM D4814 in the USA [15] and EN 228 

in Europe [16], and the diesel needs to meet the standards of ASTM D 975 [17] and EN 

590 [18]. The EN 590:2013 is applicable to automotive diesel fuel containing up to 7.0 % 

fatty acid methyl esters (FAMEs). Biodiesel is defined in the standard EN 14214 as 

FAMEs only [19], while US biodiesel is comprised of mono-alkyl esters of long-chain 

fatty acids derived from animal fats or vegetable oil as shown in the ASTM D6751 [20]. 

The standard specifications of aviation turbine fuels are available in ASTM D1655 [21] 

and ASTM D7566 [22]. According to ASTM 7566-11, up to 50% bio-derived synthetic 

fuels can be blended into conventional jet fuel [23].   

Besides using the ASTM or EN standards, algal biofuels were characterized using 

various analytic protocols by researchers. Organic chemicals were identified by using the 

gas chromatography-mass spectrometry (GC-MS). Elemental analyses for carbon, 

hydrogen, nitrogen, and sulfur contents were determined using a CHNS/O analyzer. The 

H/C ratio is a useful indicator for the saturation extent of the aromatics in upgraded oils 

[24]. Alternately, sulfur and other minerals can be measured by ICP-OES. The higher 

heating value (HHV) can be calculated with the DuLong formula according to elemental 

analyses [25], or directly measured using an oxygen bomb calorimeter.  

Because the oil products still contain compounds that cannot be identified by the 

GC-MS, more detailed analyses may be necessary. Following the ASTM D1319 method, 

hydrocarbon types in the oil can be determined by fluorescent indicator adsorption [26]. 

The similar identification can also be done by the carbon-13 NMR [27]. The boiling point 

distribution of oil samples can be obtained by performing fast simulated distillation 

analysis according to the ASTM D7169 [28]. Alternately, the ASTM D2887 is applicable 

to oil products with a boiling point between 55°C-538°C [29].  

Aforementioned methods have been successfully applied to analyzing upgraded 

algal fuels. Scientists at the National Institute of Standards and Technology (NIST) 

combined methods of distillation curve method, NMR, and GC-MS to evaluate the 

properties of an algal-based hydrotreated renewable diesel [30]. Additional test methods 
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including measuring the speed of sound, the cloud point, density, the cetane index, the 

storage stability, and the oxidation stability were also developed [31]. The combustion of 

this algal diesel has been tested in a diesel engine along with petroleum diesel [32].    
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Extending the analysis already presented in [1], this paper considers 
broadband potential of overhead (OV) transmission multiple-input 
multiple-output (MIMO) broadband over power lines (BPL) networks 
when different noise conditions occur and different well-proven noise 
models are adopted.  
The contribution of this paper is two-fold. First, the broadband potential 
of a great number of indicative OV high-voltage (HV) BPL topologies and 
of MIMO transmission schemes is studied in terms of appropriate 
capacity metrics. The relevant numerical results reveal the significant 
dependence of ΜΙΜΟ capacity metrics on noise conditions.  
Second, various well-known BPL noise models from the literature are 
compared on the basis of their achieved OV HV MIMO BPL capacity. 
Through the careful study of the capacity results of noise models,  
it is demonstrated that spectrally flat additive white Gaussian noise 
(AWGN) may be comfortably assumed as an efficient noise model in 
transmission MIMO BPL networks. Also in MIMO BPL networks,  
the comparative capacity analysis of noise models shows small 
differences among them in the 3-88MHz frequency range.  

 
Keywords:  Smart Grid; Broadband over Power Lines (BPL) Networks; Power Line Communications 

(PLC); Noise Models; Transmission Power Grids; Capacity; Multiple-Input Multiple-Output (MIMO) 

Systems  

 

 
I. Introduction  
 The deployment of broadband over power lines (BPL) networks across the 

overhead high-voltage (OV HV) power grid is among the first steps towards its 

modernization. Some of the futuristic characteristics of the new transmission power grid 

are: (i) its IP-based communications network capabilities; (ii) a great number of smart 

grid applications; and (iii) the potential of broadband last mile access through its 

wired/wireless interfaces [1]-[13]. 

However, recent studies outline that today's OV HV BPL networks are not 

providing sufficient bandwidth for supporting the latest ultra-broadband applications 

(such as high-definition television, voice over internet protocol, and console gaming) or 

some state-of-art sophisticated smart grid applications (such as energy trade, electric 

vehicle power management, etc) in a reliable way [7], [9], [11], [14], [15]. Towards that 

direction, the integration of today’s OV HV BPL networks –i.e., single-input single-
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output (SISO) ones– with multiple-input multiple-output (MIMO) technology features, 

which are firstly presented in [12], [13], [16]-[21], is decisive for the further deployment 

of OV HV BPL networks. 

When considered as a transmission medium for communications signals, OV HV 

BPL networks –either SISO or MIMO ones– are subjected to various inherent 

deficiencies such as high and frequency-selective attenuation and noise [3]-[7].  

Each of the aforementioned adverse factors critically influences the broadband potential 

of OV HV BPL networks [19], [22]. Due to the upgrade of the existing SISO BPL 

networks to MIMO ones across the entire power grid, the development of accurate and 

efficient models that are suitable for describing either the channel attenuation or the noise 

of MIMO BPL networks at high frequencies is imperative.  

As concerns the channel attenuation, the well-established hybrid method, which is 

reliably employed to examine the behavior of various multiconductor transmission line 

(MTL) structures, is also adopted in this paper [2]-[13], [23]-[25]. Here, it should be 

noted that the hybrid method has been already successfully tested in transmission and 

distribution MIMO BPL networks [13], [26]. In fact, this hybrid method is based on:  

(i) a bottom-up approach that consists of the MTL theory and various similarity 

transformations, such as eigenvalue (EVD) and singular value (SVD) decompositions [3], 

[10], [11], [19], [23], [25], [27], [28]; and (ii) a top-down approach, which is denoted as 

TM2 method, that is determined through the concatenation of multidimensional chain 

scattering matrices of the MIMO BPL network modules [2]-[11], [24], [27].  

Except for the channel attenuation and its relevant hybrid method, to determine 

the capacity of OV HV MIMO BPL networks, there is the need of an appropriate model 

to describe the noise that occurs across OV HV networks [2]-[8], [29].  

In fact, many researchers have focused their efforts on deriving suitable noise models 

[22], [30]-[36]. Despite the significant efforts towards modeling of BPL noise in the  

3-88MHz frequency range, a simple, but yet accurate and universal model is not still 

widely acceptable [37]-[40]. Anyway, as capacity computations are concerned,  

many BPL researchers tend to use simple but effective noise models that are proven to 

have realistic, validated with measurements and comparable results in the  

3-88MHz frequency range [1], [30], [41]-[43]. Another common practical procedure 

among BPL engineers is the consideration of spectrally flat additive white Gaussian noise 

(AWGN) –denoted as FL noise model in this paper– [4], [6], [12], [23], [29], [44].  

Apart from the distribution SISO BPL networks that have been examined in [1],  

the validity and the accuracy of the FL noise model are now investigated in OV HV 

MIMO BPL networks with reference to the other well-verified noise models of the 

literature.  

The rest of this paper is organized as follows: In Sec. II, the OV transmission 

MTL configuration and the respective indicative topologies are presented.  

Sec. III summarizes the principles of MIMO BPL transmission through the lens of the 

well-validated hybrid method. Sec. IV recapitulates the main factors that influence 

MIMO BPL capacity such as electromagnetic interference (EMI) policies and BPL noise 

characteristics. Special mention is given to the BPL noise models that are available from 

[1]. In Sec. V, numerical results and discussion validate the effect of noise as well as the 

significance of accurate BPL noise models when different OV HV BPL topologies and 

MIMO transmission schemes occur. Sec. VI concludes this paper.  
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II. Transmission Power Grids 
OV HV MTL Configuration 

 OV 400kV double-circuit transmission phase lines with radii 
OVHV

pr =15.3mm 

hang at typical heights 
OVHV

ph  equal to 20m above ground –i.e., conductors 1, 2, 3, 4, 5, 

and 6–. These six phase conductors are divided into three bundles; the phase conductors 

of each bundle are connected by non-conducting spacers and are separated by 
OVHV

p2  

equal to 400mm, whereas bundles are spaced by 
OVHV

p1  equal to 10m. Except for the 

phase conductors, two parallel neutral conductors, which are the conductors 7 and 8, hang 

at heights 
OVHV

nh  equal to 23.7m. The neutral conductors with radii 
OVHV

nr =9mm are 

spaced by 
OVHV

n  equal to 12m. Schematically, the OV HV double-circuit MTL 

configuration of the aforementioned eight conductors ( 8OVHV n ), which is considered in 

the present work, is given in Fig. 1.  

 

 

 
Figure 1. OV 400kV double-circuit MTL configuration [9]. 
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 In accordance with [7], [9], [44], [45], the ground with conductivity 
g =5mS/m 

and relative permittivity 
rg =13 is considered as the reference conductor.  

The aforementioned ground parameters define a realistic scenario during the following 

analysis while the impact of imperfect ground on broadband signal propagation via OV 

HV power lines was analyzed in [3]-[9], [23], [44], [46], [47]. 

 

Indicative OV HV BPL Topologies 
 The simple BPL topology of Fig. 2, being bounded by the transmitting and  

receiving ends and having N branches, is considered. To apply the hybrid method,  

the simple BPL topology of Fig. 2 is separated into segments (network modules), each of 

them comprising the successive branches encountered [10], [11]. 

 In accordance with [2]-[13], [23], [24], [27], [30], [44], [48] and with reference to 

Fig. 2, average path lengths of the order of 25km are considered in OV HV BPL 

topologies. The following four indicative OV HV BPL topologies concerning end-to-end 

connections of average path lengths that are detailed in [7], [9] are examined, namely:  

1. A typical urban topology (OV HV urban case);  

2. A typical suburban topology (OV HV suburban case);  

3. A typical rural topology (OV HV rural case); and  

4. The “LOS” transmission along the same end-to-end distance 

L=L1+…+LN+1=25km. This topology corresponds to Line of Sight transmission in 

wireless channels.  

Besides the characteristics of OV HV BPL topologies, some circuital parameters need to 

be highlighted [2]-[13], [23], [24], [27], [30], [44], [45], [48]. More specifically, the 

branching cables are assumed identical to the transmission cables and the 

interconnections between the transmission and branch conductors are fully activated.  

The transmitting and the receiving ends are assumed matched to the characteristic 

impedance of the modal channels, whereas the branch terminations are assumed open 

circuit. 

 

 
 

Figure 2. End-to-end HV/BPL connection with N branches and a network module [9]. 

 

 

III. The Basics of BPL Transmission Analysis 
MTL Theory and EVD Modal Analysis – A Briefing 
 As it has already been mentioned in [1]-[11], [23], [44], through a matrix 

approach, the standard TL analysis can be extended to the MTL case. Compared to a two-

conductor line supporting one forward- and one backward-traveling wave, an MTL 
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structure with nOVHV+1 conductors parallel to the z axis as depicted in Fig. 1 may support 

nOVHV pairs of forward- and backward-traveling waves with corresponding propagation 

constants. Each pair of forward- and backward-traveling waves is referred to as a mode 

[2]-[11], [23], [28], [44].  

 The spectral behavior of the nOVHV modes, which are supported by the 

aforementioned MTL configurations and propagate across OV HV BPL topologies, is 

thoroughly investigated in [1]-[11], [23]-[25], [27], [28], [44]-[49].  

Through TM2 method, which is based on the scattering matrix theory and presented 

analytically in [10], [11], their spectral behavior is modeled proposing the 
OVHVOVHV nn   

EVD modal transfer function matrix m
H  whose elements m

, jiH , 
OVHV,,1, nji   are 

the EVD modal transfer functions where 
m

, jiH  denotes the element of matrix m
H  in 

row i of column j. 

 Through appropriate similarity transformations, which are presented in [1]-[11], 

[23], [44], the 
OVHVOVHV nn   channel transfer function matrix H  that relates line 

quantities with EVD modal ones is determined from 

  1 V

m

V THTH                  (1) 

where VT  is 
OVHVOVHV nn   matrix depending on the frequency, the power grid type,  

the physical properties of the cables and the geometry of the MTL configuration. 

 

MIMO BPL Networks and SVD Modal Analysis 
 Based on the multiple application of WtG coupling schemes at transmitting and 

receiving ends of OV HV BPL topologies, which is analytically described in [1], [12], 

[13], the number of active transmit ports Tn  and receive ports Rn  may vary from one to 
OVHVn . Appropriately decomposing channel transfer function matrix H  of eq. (1) by 

using SVD transformations,  RT nn ,min  parallel and independent SISO BPL channels 

may be defined, namely [12], [13], [16], [17], [20], [21], [50], [51]: 

  IV

m
THTH
~~~ H                            (2) 

where 


  



 



else

NjNiH
H RTij

ij
0

 and  if
 

OVHV,,1, nji                      (3) 

denotes the element of matrix 
H  in row i  of column j . From eqs. (2) and (3),  


H  is the 

OVHVOVHV nn   extended channel transfer function matrix whose elements  



ijH , 
OVHV,,1, nji   are the extended channel transfer functions of OV HV MIMO 

BPL topologies, TN  and RN  are the active transmit port and the active receive port sets, 

respectively, m
H
~

 is a diagonal matrix operator whose elements  

m

iH
~

,  RT nni ,min,,1  are the singular values of  
H  and, at the same time, the 

SVD modal transfer functions,  yx,min  returns the smallest value between either x or y, 

 H  denotes the Hermitian conjugate of a matrix, and VT
~

 and 
IT

~
 are  

OVHVOVHV nn   unitary matrices [12], [13], [16], [20].  
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IV. EMI Policies, Noise and Capacity of Transmission MIMO BPL Networks 
EMI Policies 
 As it has already been analyzed in [1], a great number of regulatory bodies has 

established proposals (EMI policies) concerning the electromagnetically safe  

BPL operation. Among these, FCC Part 15 is the most noted one and is analytically 

presented in [32], [33], [52]-[54]. The injected power spectral density limits  

(IPSD limits) proposed by Ofcom for compliance with FCC Part 15 are adopted in this 

paper [32], [33]. More specifically, in the 3-30MHz and 30-88MHz frequency ranges,  

respective maximum levels of 60 dBm/Hz and 77 dBm/Hz constitute appropriate 

IPSD limit  fp  for OV HV BPL connections providing presumption of compliance 

with the current FCC Part 15 [1]-[13], [32], [33], [53], [54]. Without losing the generality 

of the analysis, a typical procedure is the consideration of common IPSD limits for OV 

transmission and distribution BPL networks (either SISO or MIMO) exploiting the 

significant similarities regarding OV BPL transmission. 

 

Noise Characteristics 
 Regardless of the power grid type –either SISO or MIMO, either OV or 

underground (UN), either HV or medium-voltage (MV) or low-voltage (LV)–,  

BPL noise may be considered as the superposition of five noise types, namely [1]-[11], 

[22], [30]-[36], [39], [41]-[43], [52], [55]-[58]: (i) the colored background noise;  

(ii) the narrowband noise; (iii) the periodic impulsive noise asynchronous to the mains 

frequency; (iv) the periodic impulsive noise synchronous to the mains frequency; and  

(v) the asynchronous impulsive noise. As it has already been reported in [1] and analyzed 

in [4], [6], [12], [13], [23], [29], [44], only the non resolvable limitations should be 

considered during the BPL capacity computations. Since only the first two types of noise 

can be treated as background noise due to their quasi-stationary behavior either in 

frequency- or in time-domain, the last three types of noise, which are treated as impulsive 

noise, are not taken into account during the following capacity computations. 

 As it has already presented in [1], to describe this noise PSD, a first-order 

exponential function is used and is determined from [41], [56], [57] 

  fn
enNfN 2

1NF


                       (4) 

where f is the frequency in MHz, NFN  is the spectrally flat AWGN/PSD expressed in 

dBm/Hz, and 1n  and 2n  are the exponential coefficients of the noise model. 

 As it regards the AWGN properties of transmission BPL networks in  

3-88MHz frequency range, the AWGN/PSD level NFN  is assumed equal to  

105  dBm/Hz [2]-[13], [22], [23], [29], [30], [32]-[36], [44], [56]. Apart from this value 

that represents the average noise type, AWGN/PSD levels may vary from  

-120dB (noise type A) to -90dB (noise type B) representing the good and the bad noise 

scenario. This noise PSD variance of 15dB from average conditions gives a 

representative image of the variety of noise environments that may occur in transmission 

BPL networks [2]-[13], [29]. Similarly to IPSD limits, common noise characteristics are 

assumed for OV HV, OV MV and OV LV BPL networks which is a rather common 

procedure.  

 To examine the noise impact on OV HV MIMO BPL capacity, the seven different 

noise models of [1] are also examined in this paper: 



 

Peer-Reviewed Article   Trends in Renewable Energy, 2 

 

 

Tr Ren Energy, 2016, Vol.2, No.2, 61-82. doi: 10.17737/tre.2016.2.2.0023 67 

 

1. the FL noise model that is the spectrally flat AWGN model where 1n  and 2n  are 

equal to zero (proposed by [1], [4], [6], [12], [23], [29], [44]);  

2. the OPERA noise model that is suitable for outdoor urban and suburban noise 

environments (presented in [30]);  

3. the MEN noise model (presented in [42], [43]);  

4. the PH1 noise model that is appropriate for urban noise conditions (presented in 

[41], [56], [57]);  

5. the PH2 noise model that is focused on industrial noise environments (presented 

in [41], [56], [57]);  

6. the ESM1 noise model (presented in [58]); and  

7. the ESM2 noise model that is appropriate for urban noise conditions (presented in 

[58]). 

 In Fig. 3, the noise PSD of the seven aforementioned noise models is plotted 

versus frequency in the 3-88MHz frequency range. Observations of background noise in 

the 3-88MHz frequency range reveal that its noise PSD is higher at lower frequencies. 

Actually, the noise PSDs of the noise models present significant dB differences at lower 

frequencies. Conversely, as frequency increases, noise PSD of background noise reduces 

and tends to spectrally flat AWGN. Indeed, the noise PSDs of the noise models tends to 

coincide at higher frequencies [22], [34]-[36], [39], [41], [42], [55]-[58]. 

 

Capacity 
 Capacity is defined as the maximum achievable transmission rate that can be 

reliably transmitted over a BPL network and depends on the applied MTL configuration, 

the type of power grid, the power grid topology, the adopted EMI policy, the noise 

environment and the adopted MIMO transmission scheme [2]-[13]. 
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Figure 3. Noise PSD of the indicative noise models in the 3-88MHz frequency band when noise 
type A, average noise type and noise type B are assumed. 

 

 

 Based on eqs. (1)-(3) and with reference to Fig. 2, the overall capacity C  of  

OV HV MIMO BPL networks is determined from [4], [6], [12], [13], [16]-[21], [23] 
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where BA][   determines the transmitting (A) and receiving (B) end, 
L

  is an operator 

that converts dBm/Hz into a linear power ratio (W/Hz), Q  is the number of subchannels 

in the BPL signal frequency range of interest, and sf  is the flat-fading subchannel 

frequency spacing. Note that eq. (5) is based on the use of equal power uncorrelated 

sources as the common case is assumed; say, the transmitting end does not have channel 

state information. 

 Based on eq. (5), the spectral efficiency metric of cumulative capacity is applied 

in order to assess the broadband potential of OV HV MIMO BPL connections [1], [4], [6]. 

The cumulative capacity is defined as the cumulative upper limit of information which 

can be reliably transmitted over a BPL network. 
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V. Numerical Results and Discussion 
 The numerical results of various types of OV HV MIMO BPL networks aim at 

investigating: (a) their broadband potential through the integration of MIMO features;  

(b) the influence of different noise environments on the capacity performance; and  

(c) the role of noise models as well as the accuracy degree of simpler ones. 

 As the following capacity analysis is concerned, only full MIMO transmission 

schemes –i.e., SISO, 2x2 MIMO, 3x3 MIMO, 4x4 MIMO, 5x5 MIMO, 6x6 MIMO,  

7x7 MIMO and 8x8 MIMO ones– will be examined in the rest of this paper due to their 

favorable capacity characteristics in comparison with corresponding  

single-input multiple-output (SIMO) and multiple-input single-output (MISO) 

transmission scheme alternatives. Note that, the full MIMO degree, which is the number 

of freedom degrees of an applied full MIMO transmission scheme, is equal to 1, 2, 3, 4, 5, 

6, 7 and 8 for the eight considered full MIMO transmission schemes, respectively. Finally, 

among the possible configurations for a given full MIMO transmission scheme, only the 

one with the maximum capacity performance is examined (for more details see in [12], 

[13], [26]). These considerations do not affect the generality of the following  

OV HV MIMO BPL capacity analysis, anyway [2], [7]-[12]. 

 

How MIMO Transmission Schemes Blow Up the Capacity Balloon whereas 
Disturbed Noise Environments Deflate it 
 Today's OV HV SISO BPL networks are not providing adequate throughput so as 

to cover future bandwidth-demanding smart grid applications in a trustworthy way [7], 

[9], [11]. Thus, the deployment of MIMO transmission schemes across OV HV BPL 

networks is an one-way procedure [12], [13], [16]-[21]. Nevertheless, noise critically 

degrades BPL systems performance. Due to its highly variable nature, the detailed 

knowledge of the noise properties in the future’s mainstream BPL operation bands, such 

as the 3-88MHz frequency range, may contribute towards the design of more efficient 

modulation and coding schemes suitable for OV HV MIMO BPL networks.  

 Therefore, the following subsection of this paper focuses on the capacity 

capabilities in terms of cumulative capacity in the 3-88MHz frequency band when these 

two contradictious factors –i.e., MIMO technology and noise– are deployed in 

accordance with FCC Part 15 limits. In order to evaluate the effect of different noise 

conditions on OV HV MIMO BPL capacity, apart from the average noise type, noise type 

A and B, which have been presented in Sec. IVB, are assumed. Finally, in this subsection, 

only the FL noise model is applied. 

 In Fig. 4(a), the cumulative capacity is plotted versus frequency for the indicative 

OV HV BPL topologies, presented in Sec. IIB, when SISO transmission scheme is 

applied. In Figs. 4(b)-(h), similar curves are given in the case of 2x2 MIMO, 3x3 MIMO, 

4x4 MIMO, 5x5 MIMO, 6x6 MIMO, 7x7 MIMO and 8x8 MIMO transmission schemes, 

respectively.  

 Figs. 4(a)-(h) validate the incredible capacity boost of OV HV BPL networks by 

appropriately exploiting the eight wires of their OV MTL configurations. It is evident that 

MIMO technology introduces a new abundant capacity era for BPL systems and, at the 
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Figure 4. Cumulative capacity versus frequency of the four indicative topologies of OV HV BPL 

networks –urban case A ( ), suburban case ( ), rural case ( ), and “LOS” case ( )–  
in the 3-88MHz frequency band for different MIMO transmission schemes when FCC Part 15 is 
adopted. Average noise type, noise type A, and noise type B are considered. (a) SISO. (b) 2x2 
MIMO. (c) 3x3 MIMO. (d) 4x4 MIMO. (e) 5x5 MIMO. (f) 6x6 MIMO. (g) 7x7 MIMO. (h) 8x8 MIMO. 



 

Peer-Reviewed Article   Trends in Renewable Energy, 2 

 

 

Tr Ren Energy, 2016, Vol.2, No.2, 61-82. doi: 10.17737/tre.2016.2.2.0023 71 

 

same time, transforms OV HV BPL networks into the leading broadband technology 

among the other candidate technologies in the oncoming smart grid. Actually, when 

favorable noise conditions occur, OV HV MIMO BPL networks are upgraded to  

multi-Gbps networks reaching a 6Gbps capacity ceiling; this broadband potential sets 

BPL technology as either fiber-optic alternative or backhaul network for other 

surrounding wired/wireless technologies [59], [60]. Anyway, during the comparison of 

OV HV BPL technology with other competitive broadband technologies, it is worth 

pointing out that OV HV BPL networks are a potentially excellent communications 

medium offering these high capacity characteristics over a 25km repeater span well 

beyond 88MHz having the advantage of no additional wiring.  

 Concurrently, Figs. 4(a)-(h) unveil the insidious role of noise in today’s and 

future’s transmission BPL networks [22], [34], [56]. In all the cases examined, capacity 

differences of the order of hundreds of Mbps –even of Gbps in some cases– are observed 

when disturbed noise environments occur. Actually, a 15dB-increase of noise PSD (noise 

type B) in the 3-88MHz frequency band corresponds to the recall of OV HV 8x8 MIMO 

BPL network capacity results to the levels of OV HV SISO transmission schemes;  

an average capacity loss of the order of 1.3Gbps. In [1], it has been reported that an 

appropriate rule of thumb for distribution SISO BPL networks suggests that each dB of 

increase above average noise PSD corresponds to an average capacity reduction that is 

approximately equal to 23Mbps in the 3-88MHz frequency range. Similarly to [1] and by 

observing Figs. 4(a)-(h), this rule of thumb may be extended in order to cope with OV 

HV MIMO BPL networks in the same frequency range; each dB of increase above 

average noise PSD per each full MIMO degree corresponds to an average capacity 

reduction that is approximately equal to 13Mbps, which is significantly lower compared 

to the distribution SISO BPL case. Similar deductions may be drawn regarding capacity 

increase through the decrease of average noise PSD. 

 Since the noise effect on MIMO BPL capacity has been identified, only the 

average noise type will be adopted hereafter without affecting the generality of BPL 

capacity analysis concerning the influence of BPL noise models of the next subsection. 

 

The Role of Noise Models during Capacity Computations of OV HV MIMO BPL 
Networks 
 Until now, it has been explicitly highlighted the tremendous broadband potential 

of OV HV power grid when MIMO technology is adopted. Despite these relatively 

favorable capacity characteristics, the influence of noise still remains a critical issue 

because its more disturbed versions may torpedo the whole broadband venture. Hence, 

due to its multi-Mbps impact, the use of accurate and simple noise models determines the 

accuracy of capacity computations [1]. 

 To investigate the effect of different noise models on OV HV MIMO BPL 

capacity performance as well as the potential of using simple versions, such as the FL one, 

without, however, affecting the general capacity accuracy, a number of numerical results 

concerning capacities of OV HV MIMO BPL networks in the 3-88MHz frequency range 

are presented in this subsection. Note that during the following MIMO BPL capacity 

computations, only four representative MIMO transmission schemes are examined –i.e., 

SISO, 2x2 MIMO, 4x4 MIMO and 8x8 MIMO ones– in the name of terseness and 

simplicity, giving a representative image of the effect of noise models. 
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 In Figs. 5(a)-(f), the cumulative capacity is plotted versus frequency for the 

indicative OV HV BPL topologies, presented in Sec. IIB, when SISO transmission 

scheme is employed and the aforementioned seven well-known noise models are applied,  

respectively. In the same figures, the cumulative capacity percentage change (CCPC) 

between the respective noise models and FL one is presented. In Figs. 6(a)-(f), 7(a)-(f) 

and 8(a)-(f), same plots are given in the case of 2x2 MIMO, 4x4 MIMO and 8x8 MIMO 

transmission schemes, respectively. 

 

 

Figure 5.  Cumulative capacity and CCPC versus frequency of the four indicative topologies of 

OV HV BPL networks –urban case A ( ), urban case B ( ), suburban case ( ), rural case 

( ), and “LOS” case ( )– in the 3-88MHz frequency band for the seven aforementioned noise 
models when SISO transmission scheme is deployed, average noise type is assumed, and FCC 
Part 15 is adopted. (a) FL noise model (with no CCPC curves). (b) OPERA noise model.  
(c) MEN noise model. (d) PH1 noise model. (e) PH2 noise model. (f) ESM1 noise model.  
(g) ESM2 noise model. 
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Figure 6.  Same as in Fig. 5, but for 2x2 MIMO transmission scheme. 
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Figure 7.  Same as in Fig. 5, but for 4x4 MIMO transmission scheme. 
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Figure 8.  Same as in Fig. 3, but for 8x8 MIMO transmission scheme. 

 

 

 From Figs. 5(a)-(g), 6(a)-(g), 7(a)-(g) and 8(a)-(g) and taking under consideration 

the relevant results of [1], the following deductions are pointed out. 

 CCPC curves validate the convergence of all well-known noise models. Actually, 

for frequencies less than a frequency threshold that is equal to approximately 

30MHz for OV HV MIMO BPL networks, these networks suffer from correlated 

noise. This nonwhite noise profile generates the significant capacity differences in 

this frequency band. For frequencies above this frequency threshold, noise tends 

to follow the more commonly FL noise model while the capacity differences 

among different noise models become marginal. This noise behavior has also 

been validated among different OV and UN MV and LV SISO BPL networks in 

[1]. 
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 CCPC curves also indicate that the aggravated topologies are more affected by 

either the noise fluctuations or the discrepancies of different noise models. 

Contrary to this behavior, “LOS” cases are characterized by higher immunity 

against the general issues of noise. In addition, this CCPC behavior among 

different topologies is independent of the applied MIMO transmission scheme. 

 Apart from being inversely proportional to frequency, another interesting feature 

of CCPC curves is their relation with the full MIMO degree. Actually, there is a 

slight CCPC decrease with the increase of the degrees of MIMO transmission 

schemes at the lower frequencies whereas the opposite occurs in the higher part of 

BPL operation spectrum. This behavior has to do with the increased presence of 

all the modes supported by the MTL configuration and their diverse spectral 

behavior in the 3-88MHz frequency band [2]-[11], [28]. Anyway, due to its 

marginal change, CCPC may be considered as a constant percentage of capacity 

for given noise model and BPL topology, regardless of the applied MIMO 

transmission scheme. From Fig. 5(a)-(g), 6(a)-(g), 7(a)-(g) and 8(a)-(g),  

the average CCPC due to different noise models is approximately equal to 11%; 

say, approximately 32Mbps average capacity loss per full MIMO degree. 

 Comparing Figs. 5(a)-(g), 6(a)-(g), 7(a)-(g) and 8(a)-(g) with Figs. 4(a)-(h),  

the overall capacity aggravation of noise environments is higher compared with 

the overall capacity differences observed among the seven aforementioned noise 

models; as it has already been mentioned, each dB of noise PSD increase 

corresponds to an approximate 13Mbps capacity loss per full MIMO degree that 

is lower to the overall average capacity difference due to different noise models, 

which is equal to 32Mbps. However, the deviation of PSD noise typically ranges 

above ±3dB with reference to the average noise PSD [2]-[13], [22], [23], [29], 

[30], [32]-[36], [44], [56]. Consequently, already verified in [1] for SISO BPL 

networks and subliminally reproduced among BPL engineers for years [4], [6], 

[12], [23], [29], [44], FL noise model may be comfortably used during capacity 

computations of all OV transmission MIMO BPL networks in the 3-88MHz 

frequency band. In the majority of the cases examined, the capacity differences 

among all available noise models remain satisfactorily low in this frequency band 

of BPL operation. The differences of FL noise model compared with specific 

noise models –e.g., OPERA, PH1, PH2 and ESM2 noise models– are 

concentrated on urban and industrial noise environments where OV transmission 

grids randomly occur, anyway. Therefore, similarly to SISO case in OV and UN 

distribution BPL networks, FL noise model may be safely used during capacity 

computations of all OV HV MIMO BPL networks in the 3-88MHz frequency 

range except for urban centers and heavy industrial zones where their disturbed 

noise conditions generate non negligible capacity differences among different 

noise models. 

 Due to the common nature of noise, accurate and simple noise models may play 

the role of bridge among different SISO and MIMO distribution and transmission 

BPL networks offering an elementary step towards more coexistence among  

BPL systems in the oncoming smart grid network [61]-[63]. 
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VI. Conclusions 
 On the basis of [1], this paper has focused on the broadband potential of  

OV transmission MIMO BPL networks associated with the presence of different noise 

environments and noise models. 

 Through the prism of information theory, it has been verified that the capacity 

performance of OV transmission BPL networks is critically affected either by MIMO 

technology or by their surrounding noise conditions. Actually, the capacity impact of 

noise is so drastic that a slight increase of noise PSD in the order of few dBs may 

comminute the tremendous capacity boost that is generated by the deployment of MIMO 

systems; say, capacity fluctuations in the order of Gbps. Due to the high importance of 

noise, the development of simple and accurate noise models is imperative. Towards that 

direction, FL noise model, which has been proven to be an efficient and precise tool for 

computing the capacities of OV and UN distribution SISO BPL networks in the  

3-88MHz frequency range (see in [1]), extends its applicability to OV HV MIMO BPL 

networks in the same frequency band that is the mainstream BPL operation spectrum. 

Actually, despite the slight capacity differences near urban and industrial zones,  

FL noise model exploits the converging behavior of all the well-validated BPL noise 

models in the 3-88MHz frequency band, giving decent capacity results, and simplifying, 

thus, the various capacity computations. 
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