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ABSTRACT 

 

Ramsey’s economic theory of saving (RTS) estimates how much of its commodities a nation should save to safeguard 

the well-being of future generations.  Since RTS retains many attractive qualities such as simplicity, strength, breadth and 

generality, here we ask if it would be useful to investigate biophysical issues.  Specifically, we focus on a biological topic 

that lends itself as a backdrop for the study of the imbalance between intake and expenditure, i.e., the evaluation of the 

multicellular living organisms’ energetic requirements and constraints.  Our problem is to find at each time the optimum 

distribution and the right balance of the cellular energy budget between consumption and storage: how much must a living 

organism spare to increase its chances of survival over long periods?  Suggesting how to find the optimum allocation of 

the available energy between expenditure and saving at each time, RTS approaches to biological energy budgets may 

have a wide range of experimental applications, such as: a) optimization of the long-term survival chances of either 

immortalized cell cultures, or beneficial bacterial colonies and exogenous probiotic mixtures; b) eradication of detrimental 

biofilms, such as, e.g., heart valves’ Streptococcus colonies; c) novel anti-stress and anti-ageing strategies.     
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INTRODUCTION 

 

Every living organism requires energy for maintenance, growth and reproduction, since the whole dynamics of cell fate 

decisions and regulatory networks rely on ATP levels and cellular energy budgets (Kerr et al., 2019).  The energy budget 

provides useful information concerning the current metabolic state of the cell, embryogenesis (Song et al., 2019), 

dysfunction or dysregulation of relevant signaling pathways (Papkovsky and Zhdanov AV.  2021), aberrant 

expression/activity of proteins involved in ATP production (Zhdanov et al., 2011), etc.  To provide an example, organisms 

exposed to suboptimal conditions (e.g., starvation, pharmacological treatment, diabetes, cancer) face an a priori cost of 

fighting stress in terms of metabolic resources (see, e.g., Smolders et al., 2003; Schmidt et al., 2021).  The experiments 

concerning influence of energy availability on regulatory network dynamics usually evaluate how energy budgets affect 

both the microscopic cell behaviour (Kerr et al., 2019) and the mechanistic connections of sub-organismal processes.  

However, energy budgets can be calculated not just at the micro-levels of cellular activity, but also at different macro-

levels of living systems’ activities.  For example, the local increases in spike frequency during perceptual and motor 

activity of the brain requires additional enthalpy consumption and free-energy production: while ATP consumption at the 

mean rate at 4Hz is 3.29 x 109 molecules of ATP/neuron/sec, increased spike frequency has a metabolic cost of 6.5 

μmol/ATP/gr/min for each additional spike (Attwell et al., 2001).   Furthermore, the metabolic cost of animal growth, 

which quantifies the amount of energy required to synthesize a unit of biomass, is a key factor for the making of 

ontogenetic energy budgets (Ferral et al., 2020).  Also, energy budgets provide the proper operational framework to 

examine the acquisition of energy resources at higher degrees of organization, such as those at the population and 

ecosystem levels (Murphy et al., 2018).   

We ask whether the storing capacity of the living organisms’ energy pathways can be quantitatively assessed through 

mathematical models.  Here the Ramsey’s economic theory of saving (RTS) comes into play (Ramsey 1928), providing 

a simple and profitable mathematical apparatus generalizable enough to be used for the assessment of energy budgets.  

“How much of its income should a nation save for the next generations?”  The question was put forward and successfully 

tackled by the versatile 25 years old “economist” Frank Plumpton Ramsey in 1928, two years before his unexpected death 

(Misak 2020).  Inspired by Ramsey’s rather general mathematical/economical approach to saving, we will provide an 

effort to mathematically cope with biological issues related with energy budget.  In particular, we will ask to ourselves 

the following tantamount question: “how much of its energy budget should a living organism save over time for the most 

efficient long-term survival?”.  Also, we will tackle the next obvious question: “Why should we use RTS to assess the 

energy budget of living organisms?” 
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RAMSEY’S MODEL: THE ORIGINAL ACCOUNT 

 

“How much of its output should a nation save over time and across generations?”.  In touch with the Classical-

Utilitarianism calculus, Ramey believed that an accurate balancing is required between use and storage.  He identified the 

best match between attainable and desirable utility streams over time and across generations (Misak 2020).  Indeed, 

immediate energetic consumption produces utility now but reduces the opportunities in the future, while energetic saving 

reduces utility now and increases it in the future.  Ramsey requires to invest an amount which may have no immediate 

payoff but may nevertheless produce a big payoff for future generations.  

The key elements of RTS are individuals’ lifetime well-beings who are subject to resource constraints (Ramsey 1928).  

The demographic profile over time is taken to be given, such that the future numbers of people are seen as exogenous and 

predictable (Dasgupta 1969).  Since these individuals are considered identical, a single individual at each date may be 

assumed, removing any distinction between time and generations. Economic uncertainty is not an option, since the 

economy, assumed to be closed to international trade, is endowed with a single, non-depreciating commodity that can be 

worked by labour to produce output at each date.  Ramsey’s approach neglects the differences between distinct kinds of 

goods and labour, so that we are allowed to simply speak of general quantities such as capital, consumption and labour 

without considering their particular forms.   

Ramsey’s model makes other simplifying assumptions (Parfit 1984):  

1) The future is assumed to be deterministic and infinitely long.  

2) The community goes on forever. 

3) The community will be always maintaining the same size.  Therefore, the population is assumed to be constant.   

4) The community will be always maintaining the same capacity for aversion to labour and enjoyment.  

5) The community will be always governed by the same motives in accumulation.  

6) Inventions, technical innovations and improvements in organization are not allowed.  

7) No misfortunes, such as earthquakes, wars, catastrophes, will occur to sweep away the nation’s accumulations.   

 

Since some of the output can be either invested to increase the commodity’s stock or consumed immediately, the practical 

problem is to find the optimum allocation of output at each date between consumption and investment.  Ramsey argues 

that savings plus consumption must equal the income (Ramsey 1928):  

 

 
 

where x(t) is the total rate of consumption or expenditure in a community and a(t) is the total rate of labour in a community.  

Further, c(t) is the capital (i.e., the stock of the commodity that serves to produce output) at time t, while c0 is the given 

capital with which the nation starts at t=0, dc/dt are the savings and f(a,c) is the income.  All the terms x, a and c are 

functions of one independent variable, the time, with t → ∞.   

 

A series of mathematical steps leads Ramsey to his main results, i.e., a general rule stating that the rate of saving multiplied 

by the marginal utility of money should always be equal to the maximum possible rate minus the actual rate of utility 

enjoyed.  The corresponding equation is:  

 

 
 

U(x) is the total rate of utility of a rate of consumption x, while u(x), which never increases, is the marginal rate of utility 

of a rate of consumption x.  We’d like to remind that the economic utility is the satisfaction or benefit derived by 

consuming a product (Kahneman and Tversky1979). Therefore, the marginal utility of a good/service describes how 

much pleasure or satisfaction is gained from an increase in consumption (Castro and Araujo 2019).  Furthermore, V(a) is 

the total rate of disutility of a rate of labour a, while v(a), which never decreases, is the marginal rate of disutility of a rate 

of consumption x.  Indeed, labour supply is an exogenously given constant which is unpleasant and characterized by 

disutility.  The difference U(x) - V(a) is the net enjoyment per unit of time: this value is a maximum subject to the 

condition that x equals what can be produced with a and c.  The term B (Bliss) is the maximum obtainable rate of 

enjoinment which, with time passing, approaches asymptomatically to a certain finite limit.   

 

After a few steps (see Ramsey 1928), the main equation can be rewritten as follows: 
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Where rc is the unearned income, W(y) = U(x) - V(a) is the total marginal utility of an unearned income available for 

consumption, while w(y) is the corresponding marginal utility. The term y stands for x – pa, i.e., the consumption minus 

the earned income.    

 

The results achieved by Ramsey display surprising generality.  They lead to valuable operational results: given an amount 

of unearned income available for consumption, the rule allows to estimate the consumed and the saved unearned incomes.  

As an example, the Ramsey’s plot describing the behaviour of long-term communities is illustrated in Figure 1.     

 

 

 

 

 

 

 
 

 

Figure 1.   A community which lives forever according to Ramsey’s account.  The utility is assumed to be an increasing 

and strictly concave function which is bounded above.  Bliss turnpike is beyond our reach, but we can measure how close 

we are to it to determine the trade-off between consumption and saving at each point of time.  Once identified the amount 

of unearned income available for consumption (rc in the Figure), the consumed and the saved unearned incomes can be 

easily calculated.  Modified from Ramsey (1928).   
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RAMSEY’S MODEL: THE BIOLOGICAL COUNTERPART 

 

RTS provides a basic and broad mathematical apparatus for the evaluation of other scientific issues, such as, in our case, 

living organisms’ energy budgets.  Our biological problem is to find at each time the optimum distribution between the 

consumed and the saved energy, or in other words, to determine the right balance between consumption and investment. 

Our goal is to answer to the question: how much can be spared at a given value of energy? 

Starting from the energy available for consumption, the quantity of energy to spare in order to achieve the highest benefit 

for the future and for the next generations is easily calculated. Erasing any distinction between time passing and 

generations, living beings are taken to be identical, so that the occurrence of a single individual at each date may be 

assumed.  The intentions are assumed always realized, while the amount of available sources to be always fully deployed 

and the labour to be fully employed.  Since Ramsey does not incorporate uncertainty about future possibilities, we 

consider individual’s life as characterized:  

a) By one and only energetic source.   

b) By an exogenous constant, termed cellular labour, which produces at each date an output consisting of energy 

(Gale, 1967, and Brock, 1973).   

In touch with RTS, the future survival of living organisms is seen as exogenous and predictable, having the external 

factors a negligible effect on their survival.  The cellular economy is assumed to be closed to energetic changes with other 

living beings.  This means that some of the produced energy can be used to increase the energy stock, while the remainder 

can be consumed immediately.  No mention is made of possible phenotypic, epigenetic, genotypic, evolutionary 

improvements in cellular capability of labour or ability to achieve a larger quantity of available sources.  In touch with 

Ramsey’s account, the anticipated energy production at each moment equals the sum of intended storage and intended 

consumption.  Since the living being is in equilibrium at each moment, the intended saving equals the intended investment 

at each moment.   

 

The biological counterpart to RTS runs as follows: in a living system (say, a monocellular living organism) the energetic 

savings plus the consumption must equal the income. Concerning the terminology described in the previous chapter, in 

our biologic case the capital c stands for the amount of the available energetic source that serves to produce energy, while 

x(t) is the total rate of consumption or expenditure inside the cell.  Also, a(t) is the total rate of labour produced by cellular 

substructures, c(t) is the capital, i.e., the stock of ATP that serves to produce the required outputs at time t.  Then, dc/dt 

are the savings, while f(a,c) is the income.  The most important factor, i.e., W(y) = U(x) - V(a) stands for the living 

organism’s benefits derived from consuming energy. The term B (Bliss) is the maximum obtainable benefit from 

consuming energy and tends to approach asymptomatically to a certain finite limit.  Figure 2 illustrates the biological 

counterpart of the concave economic function described in the plot of Figure 1.     

 

So, Ramsey’s problem can be cast equally as, “how much of a living organism’s energetic production should it consume?” 

The biological consequences of a RTS approach to living organism’s energetic dynamics are straightforward.  Since the 

amount of available sources is assumed not to waste or decrease in benefit, the gross energetic investment equals the net 

energetic investment.  If the consumption is lower than the energetic production at a given time, the investment is 

positive and the amount of the available sources increases; in turn, if the consumption exceeds the energetic production 

at a given time, the investment is negative and the amount of available sources is doomed to decline.  When sources are 

available, the produced energy is always > 0.    When the use of available energy increases, the resulting benefits are 

always positive.  It is noteworthy that the resulting benefits depend solely on the quantity of available energy.  After the 

consumption of a certain quantity of energy, the resulting benefits reach a plateau, and further increases in energy are not 

able to improve anymore the benefits.  When the benefits are the highest possible, the spared energy is zero, since the 

tangent parallels the maximum.     

The most important consequence of the application of RTS to the energy budget of living organisms is the following: 

when the available energetic value is known, the consumed and the spared energy can be easily calculated looking at the 

plot of the concave function (Figure 2).   
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Figure 2.   Living organisms’ energy budget according to Ramsey’s model. In our biological context, the utility stands 

for the cellular benefits derived by energetic consumption.  The curve describes how much benefit is gained by the living 

organism from an increase in energy consumption.  The plot also says that the more is spared, the sooner the highest 

benefits will be reached, although the actual benefits are scarce.  See text for further details.    

 

 

 

 

CONCLUSIONS  

 

Ramsey’s theory of savings (RTS) evaluates how much natural capital a nation should save.  Put in terms of maximal 

utility over the long run, it provides a general scheme which could be profitably used to assess recent hot topics such as 

exhaustible resources, climate change, nuclear waste disposal (Misak 2020).  For our part, our aim was to cast Ramsey’s 

economic problem in terms of: “how much of a living organism’s energetic production should it consume?”.  We found 

that Ramsey’s model can be used to mathematically describe the energy budget of living organisms.   The evaluation of 

energy budgets requires quantities that can be (relatively easily) operationally assessed.  For example, the cellular energy 

budget can be measured through different available techniques that facilitate the comparison of different cells, such as 

direct measurement, extracellular flux analysis, high-resolution respirometry, fluorescent dye kits (Schmidt et al., 2021), 

specific bioenergetic signatures such as respiration, glycolytic flux, Krebs cycle activity, ATP levels, total biomass, 

NAD(P)H, Ca2+, mitochondrial pH, membrane potential, redox state (Papkovsky and Zhdanov AV.  2021), the measure 

of changes in glycogen, lipid, and protein budgets (Smolders et al., 2003).  It is noteworthy that the energy budget concerns 

not just cells, but also complex organisms: e.g., the number of calories in case of sporting activities can be quantitatively 

assessed.    

 

Despite its qualities, RTS has some weaknesses with regard to its simplifying assumptions and rigid requirements.  Less 

stringent accounts have been provided that consider less constrained situations, introducing, e.g., novel factors such as a 

moderate change with the external, opening the economy to trade, and so on.   For a survey of the novel developments, 

see Koopmans (1965); Solow (1974); Mirrlees (1967), Arrow et al. (2012).   For example, the Ramsey’s model points to 

very high saving rates. According to Ramsey, over half of resources must be saved: i.e., an income of £ 500 per annum 

requires an amount that should be saved of about £ 300 per annum.   Another thorny issue is that the passage of time for 

an individual is not the same as for generations, so that an individual’s lifetime well-being is different from 

intergenerational well-being.  RTS adopts the short-cut to provide the short-term and the long-term well-beings with the 
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same functional form.  Nevertheless, there is little evidence to suggest that such simplification holds in the real-world 

intergenerational life. Also, Ramsey assumed that time is a continuous and not a discrete variable, perhaps because the 

mathematics is simpler.  In the last decades, many scholars provided efforts to overtake the limitations of the otherwise 

powerful Ramsey’s theory. To show a feasible development, Dasgupta and Heal (1974) delivered a RTS extension 

including natural capital in production which, referred to our biological model, would make possible to introduce 

phenotypical, epigenetic, genotypical and evolutionary improvements in the cellular capabilities of labour and of energetic 

production.   

 

At this point it comes to wonder: what for?  Why should we provide an effort to correlate seemingly disparate fields such 

as the economic theory of saving and the cellular energy budget?  The answer is straightforward: such comparison is very 

promising.  Suggesting an interest in the distant future that is worth to be considered, RTS allows to calculate the amount 

of energy that a living individual must spare in order to optimize its chances to survive longer and in good health.   

RTS’s plot says how much energy must be spared from the available stock of the cellular budget to maximize the energy 

available for consumption.  Indeed, high energetic consumption impairs the future well-being of the cell, while larger 

amount of reservoir might preserve the organism for longer times.  RTS could be useful to compare the long-term effects 

of different energetic options.  To provide a practical example, do the benefits of energetic expensive activities such as 

bodybuilding overcome the long-term damages? Does sport at competitive levels in children contribute to extend their 

well-being and lifetime?  Furthermore, the knowledge of the proper quantity of cellular energy to store and spare might 

pave the way to novel anti-stress, beauty treatments and anti-ageing approaches.   

 

The system-nation described by RTS reminds cell cultures, in which the parameters are strictly standardised and the 

energetic sources/flows carefully regulated.  Ramsey’s assumption that the community goes on forever in a world with 

an indefinite future lends itself well with the “infinite life” assumption adopted for cell colonies such as, e.g., Caco-2, the 

immortalized cell line of human colorectal adenocarcinoma cells (Marziano et al., 2019).  In this peculiar case, the 

Ramsey’s plot provides us with a useful information: how much energy must be provided to achieve the best preservation 

and longest survival of a cell culture to ensure the welfare of its future generations?  In accordance with this line of 

reasoning, RTS might also contribute to improve the survival of beneficial bacterial colonies and biofilms, such as, e.g., 

endogenous saprophytic intestinal bacteria or exogenous probiotic mixtures (Giannetti et al., 2018), or to obliterate 

detrimental biofilms, such as, e.g., cardiac valvular colonies of harmful Streptococcal strains (Hosokawa et al., 2018).    

 

We want to end with a more speculative insight.  While individuals often save for their children, Ramsey asks how much 

should society save.  In touch with this account, RTS implementation in the study of living organisms suggests that 

increases in intracellular energetic levels might lead to increases in stable phenotypes and decision-making capabilities. 

If the cells with sub-threshold intracellular energy are forced to adopt a singular phenotype and a specific cell fate (Tozzi 

and Peters, 2017; Peters et al., 2017; Tozzi et al., 2017), this could mean that energetic differences among different cells 

may help to explain the experimentally detected variability in cellular decision-making across biological systems. 
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